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PREFACE 


To learn organic chemistry, you must see and understand the recurring patterns 
that correlate the thousands of facts that will be presented during your studies. 
Working the exercises in the textbook is one way to learn this factual material, and 
many of the exercises will comprise a familiar repetition of problems for which the 
solution has been presented and described in the Examples appearing throughout 
the text. Some of the exercises, however, especially those at the ends of the chapters, 
will force you to recall information from earlier chapters. Others will ask you to 
recall the facts in a different format. Still others will require you to draw analogies 
with what you know, and then to predict the solutions to problems that you have 
never seen previously. I cannot stress strongly enough that you should work 
problem after problem after problem if you want to master this subject. 

This Solutions to Exercises book has the answer to every exercise that appears in 
the textbook. In many instances, the approach needed to work toward the answer is 
also included along with the factual solution. Note that many of the synthesis and 
spectroscopy problems either have multiple solutions or can be solved by alternate 
approaches. Just because your answer or strategy is different from the one presented 
in this book, do not assume that you have made a mistake. Talk to your instructor 
and find out if your solution is equally valid. 

The first edition of Solutions to Exercises was originally prepared with significant 
help from Julius Beau Lucks, an undergraduate student at UNC, who received a 
Churchill Scholarship after graduation and is currently a graduate student in 
Chemistry at Harvard University. Beau worked every exercise in the first edition 
and checked their solutions. Subsequent groups of students during the past five 
years have worked many of the same exercises, so most of the errors have been 
corrected. This second edition was copyedited and checked by Christine Cleveland, 
an undergraduate English major who worked as a professional copy editor for 
several years before she returned to school to take organic chemistry so that she 
could attend medical school. (She started at the UNC-CH School of Medicine in the 
fall semester of 2005.) 

A mistake in the solution to an exercise is such a frustrating matter when you are 
trying to learn a new subject, and the last thing I want to do is to add uncertainty to 
your growing understanding. So as with the textbook itself, if you find factual errors 
or discussions that are confusing, please let me know (sorrelleunc.edu) so that I can 
post the corrections and make changes before subsequent printings. 

Enjoy your study of organic chemistry — it is a fascinating subject! 


— Tom Sorrell 
Chapel Hill, 2005 
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SOLUTIONS TO EXERCISES 


Organic Chemistry 


SECOND EDITION 


Solutions to Exercises for CHAPTER 1 


THE STRUCTURES OF ORGANIC MOLECULES 


11. The functional groups in a molecule are easily recognized because they consist of heteroatoms 
(atoms other than C or H) or multiple bonds. The identities of the common functional groups are 
summarized in Table 1.1 of the text. Functional groups normally include the carbon atom to which a 
heteroatom is attached. 


"7 E i carboxylic acid 
Coe rvs $e =D 
alcohol H H H nitrile 


— acid ester 
c. d. 


H— -— di Ne 
| alkene 
H—C Ls 
/ 
H 


1.2. To draw condensed formulas, express the hydrocarbon units with the designations CH, CEP, or 
CH3. Functional groups are included by using the condensed formulas given in Table 1.1 of the text. 


a. | HO-CH;-CH;-CH;-COOH c. H2 COOCH d. Hp T 
Pa ~ „CH? 
ne ru ner eee 
b. H3N—CH;— CH;—CN M / 
HC, th HC— CH; 


1.5. When drawing a full structural formula from a condensed one, focus first on creating the 
molecule's carbon skeleton. (Heteroatoms— particularly O, N, and S— may have to be included if they 
are part of a ring or chain.) Make certain to include all of the carbon atoms in this first step. 

For acyclic molecules, draw the backbone atoms in the chain, including the substituents that contain 
carbon atoms. Then attach the atoms needed to establish the functional groups. Finally attach the 
hydrogen atoms and non-carbon substituents and include multiple bonds in order to give the correct 
numbers of bonds to each atom —four bonds to each carbon atom, three bonds to each nitrogen atom, and 
two bonds to each oxygen and sulfur atom. 

For cyclic compounds, draw the ring and attach any substituents that contain carbon atoms, 
including heteroatoms needed to create the molecular skeleton. Then attach the atoms needed to form 
the functional groups. Finally attach the hydrogen atoms and non-carbon substituents and include 
multiple bonds in order to give the correct numbers of bonds to each atom. 
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13. (continued) 


d 


aldehyde 


CH 
ç- Ch 
la `CHOH 
HC~ ch, 


s 


— a ee 


p 


alcohol 


oxygen atom in the 


HSCH;CH;OCHs 
thiol 


n 


ether eo 
oxygen atom in the chain >) 


CH4CHBrCH;COOCH, ——> 


CHsCH,CHO —> Cc—c—c —- c—c (15 


“gE ` ERs. Bi: E 


aldehyde 


alcohol 


chain 
H H 
"E 1 | | 
oe o-c —* ih i TI 
H 


thiol 


ey — 


carboxylic acid ester carboxylic acid ester 
HH H O H 
I | l l | 
pepe 
H Br H H 
14. Follow the procedure given in the solution to Exercise 1.3. 
HA 5H 
a. CH3 C G xor 
/ / H | H 
^ -C Meer 
aloe GN H—C-^ ,H H 
NH — | porn, — | yz I—- ü 1 ES 
o vid C wag a 
/ H /| H C-O 
[e / 
Amide (carboxamide) H-O 
Amide (carboxamide) / 
H H 
b. oxygen atom in the chain 
H H 
fe) C c G. JO. 4C " “4 [o] l 
YA coo — Me er Sor oe af Sor eA e 
ether if i" [ Il 
aldehyde ether aldehyde o 


1.5. To convert from a structural formula to a condensed line structure, represent the carbon skeleton 


first as a polygon (cyclic molecule) or a zigzag line (acyclic molecule) and include any double and triple 
Then attach the heteroatoms to the carbon atoms in the ring or chain. If a 
heteroatom is attached via a multiple bond to the carbon atom at the end of a chain (for example in the 


bonds that are present. 


nitrile, aldehyde, carboxylic acid, and carboxylic acid ester functional groups), include the carbon atom(s) 


for that functional group, using its condensed notation (Table 1.1). Make certain that the total number of 


carbon atoms is correct. 


CHAPTER 1 / STRUCTURES OF ORGANIC MOLECULES 3 


15. (continued) 


a. 
H | 
nos c^" 
| | — —— 
I zs ams o 
H /\ 
H CH3 
7 carbon atoms 7 carbon atoms 
6-membered ring 6-membered ring 
b. ci e 
CH3CH5CH;CH; — CH— CN ——- NUR, — -—— 
6 5 4 3 2 1 5 3 1 5 3 1 
6 carbon atoms 6 carbon atoms 6 carbon atoms 


1.6. For the compounds in this exercise, convert the name of the compound root to its representation as 
a chain or ring, and then include any double or triple bonds between the appropriate carbon atoms as 
specified by the suffix. Use the numeral, if given, to define the first carbon atom in the chain or ring at 
which the multiple bond starts. If no numeral is included in a compound's name, then the double or 
triple bond in an acyclic molecule starts at the end of the chain. In a cyclic molecule, the position of the 
multiple bond defines C1 (and C2) of the ring. 


CH4CH;CH— CHCH;CH; 
6 5 4 3 2 1 


a. 3-Hexene 


hex 6 carbon atoms 
ene one double bond that starts at C3 6 4 2 
eine gi 
5 3 1 
b. 4-Octyne CH3CH5CH5C = CCH5CH5CH5 
oct 8 carbon atoms 4 $ 4 4 45$ » 4 
yne one triple bond that starts at C4 


8 7 
6 5 A43W 1 


c. 1-Butene-3-yne HC--C-CH-CH; 


but 4 carbon atoms "T TOR. 
ene one double bond that starts at C1 a. 
yne one triple bond that bond that starts at C3 3 1 
4 1 4 1 
d. Cyclobutene H2C— CH 
cyclobut four-membered ring of carbon atoms | | 
ene one double bond that defines C1 S| a a 


17. The principal functional group in a molecule is denoted by the suffix of the compound's name. The 
identities and structures of common functional groups are summarized in Table 1.1 of the text. The 
structures shown below represent general structures of the functional groups, not the structures of the 
whole molecules. 
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1.7. (continued) 


Compound: a. 22-Dimethyl-3-hexanone b. 3-Methoxybenzaldehyde c. 2-Methyl-2-butanol 
Suffix: —one -aldehyde -ol 
Functional group: ketone aldehyde alcohol 
Oo OH 
I ll | 


1.8. To simplify a given structural formula, identify the prindpal functional group in each molecule 
(circled below in color), and then replace the remainder of the molecule with the letter “R.” If the 
compound is a derivative of benzene, use “Ar” instead of “R” for the benzene portion. 


a. aldehyde b. carboxamide 


~.-’ alkyne 
R 


1.9. The prefix associated with the substituents must match the quantity of numerals in front of the 
name, except in cases when there is no ambiguity. 


a. 2,34-Hydroxyhexanal should be 2,3,4-trihydroxyhexanal because there are three numerals in front of 
the name. 


b. 2,2,4,4-Tetrachloropentane is correct because there are four numerals in front of the name and the 
prefix "tetra" precedes the substituent name "chloro". 


c. Triiodomethane is correct because there is only one carbon atom to which the three iodine atoms can 
be attached, so the name is unambiguous without numerals. 


1.10. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. 4-Fluorobutanal 


but 4 carbon atoms H H H O 
an no double or triple bonds uL! 4 l 3. l » b 
al aldehyde functional group; its carbon | | | 1 
atom defines C1 H H H 
4-fluoro fluorine atom at C4 
b. 3-Mercapto-2-pentanol H OM SHH H 
pent 5 carbon atoms | , | 5 | k | á | r 
an no double or triple bonds H—c—co—c—c—c-—hH 
ol OH group at C2 | | | | | 
3-mercapto SH group at C3 H H H H H 
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1.10. (continued) 


c. Trichloroethanenitrile 


eth 2 carbon atoms CI mil 

ane no double or triple bonds Cl~ > ~C=N 
nitrile CN group; its carbon atom defines C1 1 
trichloro three chlorine atoms on C2 


111. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. 3-Oxopentanoic acid H H O H O 
pent 5 carbon atoms se 5 l 4 I 3 l » Il 1 S 
an no double or triple bonds | | | 
oic acid COOH group; its carbon atom defines C1 H H H 
3-oxo double-bonded oxygen atom at C3 

b. 2-Nitropentanal H H H H O 
pent 5 carbon atoms | à | F | i | š | À 
an no double or triple bonds H—C—C—C—C—C—H 
al aldehyde functional group; | | | | 

its carbon atom defines C1 H H H NO 
2-nitro NO: group at C2 

c. 4-Hydroxy-2-hexyne Hu W oH H 
hex 6 carbon atoms | | | Eg | 
yne triple bond starting at C2 H—cS—c5—cS-czc—ci-u 
4-hydroxy OH group at C4 | | | | 

H H H H 


12. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. 2-Bromobenzoic acid 6 1 .COOH 

benzoic acid benzene ring with -COOH group attached; 5 
the attachment point defines C1 of the ring F X 

2-bromo bromine atom attached at C2 of the ring 5 Br 

b. 3-Fluoro-2-cyclohexenone E 
cyclohex six-membered ring of carbon atoms 5 
en one double bond, starts at C2 4 2 
one ketone functional group; its carbon atom defines C1 3 
3-fluoro F atom attached at C3 F 


c. 3-Chloro-4-nitrophenol 


phenol benzene ring with the OH group attached; 
the attachment point defines C1 of the ring 
3-chloro chlorine atom attached at C3 of the ring 


4-nitro nitro group attached at C4 of the ring 
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1.13. First, draw each structure in its expanded form, showing all of the hydrogen atoms (follow the 
procedure given in the solution to Exercise 1.3). Then, assign the atom type to each carbon atom having 
four single bonds: the carbon atoms attached to only one other carbon atom are primary (1°); to two 
other carbon atoms are secondary (2°); to three other carbon atoms are tertiary (3°); and to four other 
carbon atoms are quaternary (4°). 


2° A Gh. N. o 
a. CH3 3 1 


| 
H2 Cy hen tis 
eC 
Q "Oma / "C—H 
— w& i| — He | " 
c- OCh; " C— Chs 
? CHs CH 


1 
ah ee 
—0— 
| 

=0=F 
X—O0—E 
oe 
—0— 
| 
I 
1 
r—o—r 
|> 
I—o—o 
|^ 
ME 
Ir—O0-—IEI 
|" 
=) 
: | 
78 
=—o—=z 
|^ 
I 


1.14. Break each name into its constituent parts, and then combine the pieces to form the structure. 
a. Isobutylbenzene 
benzene six-membered ring with alternating 
single and double bonds 
isobutyl a four-carbon fragment with a branch, attached 


via one of its 1? carbon atoms to the ring 


b. 3-tert-Butylhexanol 


hex 6 carbon atoms 
an no double or triple bonds 
ol OH group; because no number is given, 


this group is at C1, by convention 
3-tert-butyl a four-carbon, branched fragment attached via 
its 3? carbon atom to C3 of the principal chain 


c. 3-Ethylcyclopentanone 


cyclopent a ring of 5 carbon atoms " 2 

an no double or triple bonds AK o 
one ketone; this group defines C1 of the ring 

3-ethyl a 2-carbon substituent, attached to the ring at C3 ET 


1.15. Break the name into its constituent parts, and then combine the pieces to form the structure. 


2-(1,1-Dimethylpropyl)hexanoic acid z > a wu d 


| 
hex 6 carbon atoms CH3- CH5- CH5- CH;- CH- C — OH 
an no double or triple bonds | 1 
oic acid carboxylic acid, its carbon atom defines x 
C1 of the chain X 7 substituent 


2-(X) substituent X; attached at C2 
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1.15. (continued) 


[e] 


X = substituent: 1,1-Dimethylpropyl il 
propyl a 3 carbon-atom substituent, by CH3- CH?:CH5- CH; - CH— C — OH 
convention attached through its C1 


H3C-C— CH; 
1,1-dimethyl two methyl groups attached at C1 of 2! 
: CH 
the substituent si 2 
CH3 


1.16. Break the name into its constituent parts, and then combine the pieces to form the structure. 


3-Allyl-5-chlorobenzoic acid 


benzoicacid benzene ring with -COOH group attached; the point of j^ “a 
attachment of the COOH group defines C1 of the ring 6 2 

3-allyl allyl group (CH2-CH-CH»-) attached at C3 5 

5-chloro chlorine atom attached at C5 cl d ls. 


117. Follow the procedures outlined in Examples 1.12-1.16 in the text. 


a. This compound has the carboxylic acid functional group in a carbon chain, so the name ends in "oic 
acid." The longest carbon chain that includes both the carboxylic acid carbon atom and the double 
bond has four carbon atoms, so the root is but—. There is a carbon-carbon double bond, so the 
multiple bond index is -en—. The name so far is but/en/oic acid = butenoic acid. 

The principal functional group is one that must be at the 


end of the chain (Table 1.1), so numbering begins at the right H CH; 
end of the structure (as drawn). This numbering order ^ M 1 
means that the double bond begins at C3: 3-butenoic acid. HaC. o” 2 "COOH 
The positions of attachment for the methyl groups are : Il 
subsequently established (C2 and C3). The name of this CH2 


molecule is 2,3-dimethyl-3-butenoic acid. 


b. This compound is a cyclic ketone with five carbon atoms in the ring, which also has a double bond: 
cyclopent/en/one = cyclopentenone 


The principal functional group defines C1 by its i o 
position. This numbering order means that the double bond i CH3 
begins at C2: 2- cyclopentenone. C— CH3 
A tertiary-butyl group is attached at C2. The name of ~ CH3 


this molecule is 2-tert-butyl-2-cyclopentenone. 


c. This compound is an alcohol with seven carbon atoms in the chain, and there are no double or triple 
bonds. The name so far is hept/an/ol = heptanol. 
The principal functional group (alcohol) can be at any 


position in the chain. Numbering is started at the end that CH3 
gives the OH attachment position the lowest number. 1 2 3 4 
Numbering from the left end places the OH group at C3: 3- niai i M s E 


heptanol. OH 
This numbering order places the methyl group at C5. 


The name of this molecule is 5-methy1-3-heptanol. 
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1.18. To draw all of the possible isomers of a hydrocarbon, you must generate all of the possible carbon 
skeletons that can exist. Isomers may differ in the number of carbon atoms in the longest chain or by the 
placement of substituents. 

For this exercise, first draw a straight chain with the requisite number of carbon atoms. Then 
reproduce that structure with one less carbon atom, but connect the omitted carbon atom at different sites 
along the chain (except at the terminal positions). Then draw a chain with two fewer carbon atoms, and 
attach the two omitted carbon atoms at unique positions along the chain. Consider putting the omitted 
carbon atoms together, too (see part b. of this exercise, where the two carbon atoms are combined to form 
an ethyl group instead of two methyl groups). Repeat this process, drawing the chain each time with one 
less carbon atom in the row. Number the chain from each end to make certain you have not just drawn a 
molecule in a different orientation. 


a. Draw the five isomers of CeHis. 


Following the procedure outlined above: 


| mW" 
6C chain C—c—c—c—c—c— 


C C 
SCchin — l|. adh dh] ILL 
1 2 3 4 5 1 2 3 4 5 
4C chain | c c | | c | | 
1 P la 4 1 la 3 4 
—c—c—c—c— TTTTT- 
| | ot | td 


H H H H H H H CHH H H H H CHH H 
— ea TR PN D 
TETEE TERE TERE 
H CH, CH; H H CHH H 
ro n oe 
hh hn TE 

b. Draw the nine isomers of C7His 
7C chain H H H H H H H 
— 
"PPM 
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1.18. (continued) 


6C chain 


P UELILI Mull 
H—C—C—C—C—C—C—H H—C—C—C—C—C—C—H 
| | | | | | | d d d I 
H H H H H H H H H H H H 
Methyl group attached at C2 Methyl group attached at C3 
5C chain 
| T ot it itl 
H—C—C—C—C—C—H H—C—C—C—C—C—H 
| | d | | | | d || 
H H H H H H H H H H 
Methyl groups attached at C2, C3 Methyl groups attached at C2, C4 
Dh 
TT T LIII Ww n 
"LLITI "I1L11 P LllII] 
H CHH H H H H CHH H H H H H H 
Methyl groups attached at C2 and C2, Methyl groups attached at C3 and C3 Ethyl group attached at C3 
: H CH3} CH3 H 
4C chain | | 
H—C—C—C—C —H 
[| Jl. 
H CH;H H 


Methyl groups attached at C2, C2, and C3 


1.19. To draw the condensed formulas for each of the following, express the hydrocarbon units with the 
groups CH, CHp, or CH3. 


a. 


CH4CH;CH;CH;CH;CHs 
CH3 CH; CH3 CH; CH; 
CH,—CH—CH,CH,CH, CH,CH—CH—CH,CH, CH3;—CH—CH—CH; CHg—G—CH CH, 
is 
esesntii iis 
CH3CH;CH;CH;CH;CH;CHs 
CH; CH; CH3 CH CH; CH; 


| | | | 
CH4—CH-CH;CH,CH;CH,  CHs3CH?-CH-CH;CH?CHs H3C—CH—CH-CH,CH3;  H4C-CH-CH;-CH-CH; 


CH;CHs CH3 ens CH; CH3 
CH4CH; - CH- CH;CHs pepe cupa CH; CH; 6 CHCH, He ert 
CH3 CH3 CH3 
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1.20. Follow the procedure outlined in the solution to Exercise 1.3. 


H3C 
H H = 
HU Il Chis uy CH C= 
SE \ cw | 
"e [e H i rd Sg- STH " 
"uA NEUE X< 
SE. im. ABER H e le lU OH 
p | ^c H diis ui i. adim nm 
H^ | H/\ H—C [o O^ V NH 
cH, H H | | H | H 
E [o [o 
ZA New CH 
Carvone | /\ H Progesterone 
H 
H HH H HHH 
CH3 H | H N W Y 
| NS LO Fm 
H Y 20x, | =~ c COOH 
^it ooi e ee PUS JA 
T cre] Lg | 5, BH 
H 2 di H H H H H 
Me. d ^H ae | | M V 
/ € WV BW AR At 
He | "OT JA 7X JN 
H H OHH H HH 
Pinene Thromboxane A; 


1.21. Follow the procedures outlined in the solution to Exercise 1.8. 


[o 

a. R—OH b. R—O-—R Cc. R—COOH d. 1 
alcohol ether carboxylic acid R~ NR 
ketone 
e. R—SH L  R—NH; g-  R—CHO h. R—C=CH 
thiol amine aldehyde alkyne 


122. An exercise such as this reinforces your knowledge about the identities of the functional groups 
and compound types. Table 1.1 in the text lists the structures of the common functional groups. An 
aromatic compound is a derivative of benzene. An alicyclic compound has a ring but does not have 
alternating single and double bonds. Two specific compounds are illustrated for each portion of this 
exercise, but many other possible answers could be given. 


Oo [9] 
a. A ketone with the formula CsHi00 ll | 


The possible structures are limited to those pw pu 
with a saturated aliphatic carbon skeleton (no ChsGrizbre CH. Ckacnz iL 
multiple bonds) and a ketone group. 


b. Achloro ketone with four carbon atoms o y. 
The possible structures are limited to those Il Hjc— c^ 
with a ketone group and a chlorine atom 
substituent. It cannot be a benzene derivative 
because that would require six carbon atoms; Cl 
the molecule may be cyclic, however. 
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1.22. (continued) 


c. Anaromatic amine 
The NH» group must be attached to 


CH. 
a benzene ring, but no limitations exist Hes 2 = Bos "cH : 
on the number or types of substituents. H | 
CH; 
d. Analdehyde with six carbon atoms H2 
The total number of carbon atoms me” " i — " 
must be six, but the molecule can HC pn GHO SAREE ENO 
be aliphatic or alicyclic.. $, 
e. A hydroxy aldehyde H2 
The molecule must have the CHO ic ZOL li HO CH3 
and OH groups, but it can have any 2 | | CH-CH 
number of carbon atoms and may de ^ CH» Hye. CHO 
be aliphatic, alicyclic, or aromatic. H5 
f. An alicyclic carboxylic acid H2 p 
The molecule must have the COOH ,C-CcH 
HC Hoe. 
group and a non-aromatic ring, but 21 CH; CH—COOH 
there are no other structural limitations. H2C. c-CH "d 
The COOH group should be attached H2 Sga 
directly to a carbon atom in the ring. 
1.23. Follow the procedure given in the solution to Exercise 1.13. 
I I H2C— C ketone 
QM No c o» » T OZ A? ra 
CH3CH;CHZ CH3  CH&CH/^ | "CH;CHs CICH;CH; CH;  u,c2— cn 
1 25 2 ketone ketone ketone Mg b^ 
c " H d. H aldehyde 
2 
R Age HS 794, ^ NH; "Nam 3 19 20 20 29 » 
I | I | e | 5$, CH—CHO . CH4CH;CH;CH;CH;— CHO 
© -CH 2 
ES MS PE ana "adn HC 
dii. d "UM T ? BH aldehyde 
H er 1° CH3 
e 3°. aldehyde f 3? Pu carboxylic acid 
» H idi 7* 20 Re / 3 E. 
c. | [CHO ~ 
HC~ 55 CH "na we ie Ar e | 2cH—cooH 
| | = CH-CH ! o CH»? HC e 
CH 2_CH2 / \ HC. 7 cH ? 
HO~ 29^C^ 2» HsC CHO 2 d 
2 1 Mi, aldehyde 2} COOH 
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1.24. Follow the procedures given in the solutions to Exercises 1.3 and 1.1. 


Novocain H T 
H C N 
H HH H Sor c^ ^H 
N44 ON Il l 
HC aM a ud s “a 
\ 
HG H H l | carboxylic acid ester 
H ‘cH, 
Captopril H 
* A thiol 
H—c-— H iy 
Hs y [ Y. WS) f carboxylic acid 
HS. — WX Na H 
No ON (coon) 
Z^ ll  'cooH 
H H o amide 
Prozac H CF3 
X / 
PS 
H-C 7 TH 
ae -c 
H 
H H 
| X i^ H 
Hy ox ae a sgh 
I | /\ | 
ose aa MH H H 


| 
H 


1.25. Follow the procedure given in the solution to Exercise 1.13 and in the examples in Section 1.4c 


Novocain 5 H H 
1 | | e - aryl 
Hy e NS 
H HHÍ(H . ° 
ay Vabo | d : 
fA 1 
HC ^w) bd "eq b d ^u Prozac H £F. 
1?—"H—C H H O H rR 
Fr X H-« YH 
19-4 H as carboxylic acid ester =e 
H 
H H o 
^ | \ / H L^ 
i 1 H Ha AE GO S D" cH, 
Captopril X. IH LH New e^ 2c 
ec qM oe a LIC 1*4. 
T + ys Z9. HH H methyl 
H N 


LJ 
^ T : 


S 
ee oe T H 
C^ 2 /C = 
Z*X Il 4 Ncoon inis 
H H [e] " 
irboxylic acid 


= 


amm 
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1.26. Some possible sources of errors in a name include the following: 


* The substituent can be located at several positions, so a numeral is required to indicate 
the point of attachment. 


* The longest carbon chain containing the principal functional group was not chosen as 
the root word. 


* The quantity of numerals does not match the substituent prefix (di-, tri-, etc.). 


a. Methylheptane: the methyl group can be placed at several positions along the 7C chain, therefore a 
numeral is needed at the beginning of the name. 


b. 3-Propylhexane: the longest chain is seven carbon atoms. 
This compound should be named 4-ethylheptane. 


c. 2,2-Dimethyl-3-ethylbutane: the longest chain is five carbon atoms. 
This compound should be named 2,2,3-trimethylpentane. 


d. 2-Dimethylpentane: there should be two numerals in the prefix. 
The name should read 2,2-dimethylpentane. 


e. 2-Isopropyl-1-propanol: the longest chain that also contains the OH group has four carbon atoms. 
This compound should be named 2,3-dimethyl-1-butanol. 


f. Dichloroheptane: the two chlorine atoms can be placed at several positions along the 7C chain, 


therefore numerals need to appear at the beginning of the name. 


1.27. Follow the procedure given in the solution to Exercise 1.18, incorporating the triple bond at 
various positions. 


6C chain 
H—C=C—CH,CH2CH2CH3 CH3—C=C—CHCH,CH3 CH3CH,—C=C—CH2CH3 
1-hexyne 2-hexyne 3-hexyne 
5C chain 
eet accesos ie Te iii a inni 
CH3 CH3 CH3 
3-methyl-1-pentyne 4-methyl-1-pentyne 4-methyl-2-pentyne 
4C chain 
CH3 


| 
H—C= n a 3,3-dimethyl-1-butyne 
CH; 


1.28. The structures of isomeric alcohol molecules can be generated from the structures of the 
corresponding alkanes by inserting an oxygen atom into each unique carbon-hydrogen bond. Therefore, 
the first step in this exercise is to identify the possible skeletal isomers of CsHi. This can be done by 
following the procedures outlined in the solution to Exercise 1.18. There are three such alkanes. 
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1.28. (continued) 


CH3 T^ 
CH3CH2CH2CH2CH3 di ee andi dian 
H CH3 
pentane 2-methylbutane 2,2-dimethylpropane 


Inserting an oxygen atom into each unique C-H bond of each alkane generates the possible alcohols. 


OH OH 

5 4 3 € 9 | | 

CH3CH5CH5CH2;CH5OH CH3CH2CH2CH-CH 3 CH3CH2CH-CH2CH3 
1-pentanol 2-pentanol 3-pentanol 
CH; 1 CHOH CH3 CH; 
s| 2^4 2 á| 2 3 1 2l 

VICI ene = aa 3 E adiuti. atiii a 
H H H OH OH 
3-methylbutanol 2-methylbutanol 3-methyl-2-butanol 2-methyl-2-butanol 
CH3 


| 
ui d dius n 
CH3 
2,2-dimethylpropanol 


Classify each carbon atom according to the number of other carbon atoms that are attached. Follow the 
procedure given in the solution to Exercise 1.13. 


OH OH 1? CH; 
| 1e | 1° 
CH3CH3CH3CH;CH;OH CH34CH;CH3CH- CHs CH3CH3CH- CH;CH3 indi. "a 
o o o o o o 
19 29 29 29 | 19 20 20 29 | 19 20 20 20 | TAS 
10 19 1? 4° 
CH3 CH20H CH3 CHs 
T" | 1 =| o | 2° 0 o ol 
CH3—C— CH2CH20H CH3—C— CH2CH3 CH3—C—CH—CH3 CH3—C—CH2CH3 
Au a 49 | 4° 
H OH OH 


1.29. Break each name into its constituent parts and then combine the pieces to form the structure. 
a. 2-Phenylethanol 


eth 2 carbon atoms 
an no double or triple bonds or 
ol OH group (alcohol) at C1 1 
2-phenyl phenyl group at C2 

b. 1,3-Dibromo-2-pentanol Br 
pent 5 carbon atoms $. d T 
an no double or triple bonds 3 Br 
ol OH group (alcohol) at C2 OH 


1,3-dibromo two bromine atoms, one at C1 and one at C3 
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1.29. (continued) 


c. 3-Chloropropanol 


prop 3 carbon atoms A m» t 
an no double or triple bonds Ci POD OH 
ol OH group (alcohol) at C1 
3-chloro chlorine atom at C3 
d. 2-Methyl-3-buten-2-ol OH 
but 4 carbon atoms SX 
en double bond starting at C3 SS 2 
ol OH group (alcohol) at C2 di 7 
2-methyl CH3 group at C2 


e. 2,2,2-Trifluoroethanol 


eth 2 carbon atoms Fr 2 

an no double or triple bonds D o 
ol OH group (alcohol) at C1 F 
trifluoro three fluorine atoms at C2 


f. 2-Amino-2-methylbutanol 


but 4 carbon atoms dia 
an no double or triple bonds HO 2 4 


ol OH group (alcohol) at C1 1 3 
2-amino NE» group at C2 
2-methyl CH3 group at C2 

g- 2,3-Butadienol mE = 3 
but 4 carbon atoms * TER a 
dien two double bonds, one starting at C2 and one at C3 | ? 'OH 
ol OH group (alcohol) at C1 H 

h. 4-Hexynol 

6 

hex 6 carbon atoms l eS - 
yn triple bond, starting at C4 4 
ol OH group at C1 E ow 


1.30. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. 2-Aminobenzoic acid 
benzoic acid the carboxylic acid derivative of benzene; the point 1, COOH 
of attachment of the COOH group defines C1 Cr 
2-amino NH» group at C2 2 NH2 


b. 2,2-Difluorobutanoic acid 


but 4 carbon atoms 
an no double or triple bonds 2 e OOH 
oic acid carboxylic acid functional group; the COOH 3 

carbon atom is C1 of the chain 4 F F 


2,2-difluoro two fluorine atoms at C2 


15 
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(continued) 


2,3-Dibromopropanoic acid 


25 $9 3 
prop 3 carbon atoms COOH 
an no double or triple bonds B Y 
oic acid carboxylic acid functional group, the COOH Br 


carbon atom is C1 of the chain 
2,3-dibromo two bromine atoms, one at C2 and one at C3 


4-Isobutylbenzoic acid 1 -COOH 
benzoic acid the carboxylic acid derivative of benzene; the point LST 
of attachment of the COOH group defines C1 4 2 
3 


4-isobutyl CH2[CH(CHs3)2] group at C4 


3-Methoxycycloheptanecarboxylic acid 


cyclohept 7 carbon atoms in a ring 
an no double or triple bonds COOH 
carboxylic acid carboxylic acid functional group; the point of 4 
attachment of the COOH group defines C1 
H3CO 
3-methoxy OCH; group at C3 
3-Mercapto-4-hexenoic acid SH 
hex 6 carbon atoms 5 1 
en double bond; starts at C4 ALA coon 
oic acid carboxylic acid functional group; the point of 6 4 
attachment of the COOH group defines C1 
3-mercapto SH group at C3 


5-Hy droxy-3-heptenoic acid 


hept 7 carbon atoms il 1 
en double bond; starts at C3 RN 
oic acid carboxylic acid functional group; the COOH 6 4 
carbon atom is C1 of the chain 
5-hydroxy OH group at C5 
2,5-Dimethylbenzoic acid H3C_ 5 1 ,COOH 
benzoic acid the carboxylic acid derivative of benzene; the point TX 
of attachment of the COOH group defines C1 4 


2,5-dimethyl two CH groups, one at C2 and one at C5 


1.1. To assess whether two compounds are identical, confirm that the longest carbon chain (or ring 


system) is the same size. Next, make certain that the substituents are attached at the same positions on 
the chain (or ring). Number the chains from each end when checking the substitution patterns. To 
decide if compounds are isomers, make certain that the molecular formulas are identical. If the formulas 


are the same, but the compounds are not identical, then the two substances are isomers. 
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131. (continued) 


A and C are identical because each has a chain four carbon atoms long. Structure B is a 


a. 
constitutional isomer of the other two (it is a skeletal isomer). 
H 
H al H 
CH ras 
wl cal halal Ee 
H—c—c—c—c—H H—c—c—c—H H—c—c—c—H 
| | J | | | | | | | 
H H H H H H H H H H 
A B c 


b. All of these compounds are the same. Each has a chain of four carbon atoms with a chlorine 


atom attached at C2. 
H 
41 
H—C —H 
Ww Wy PEE | a 
UM Si Ie as 
H H H H H H H H CI H H 
A B c 


B and C are identical. Each has a methyl and propyl group attached to an oxygen atom. 


c 
Structure A is a constitutional isomer of the other two (it is a positional isomer). 


H H H H H H 
il al al al il al sl l » alal al 
um Rm i S H—C—C—C—0—C—H HT TT 
| | | 
H H H H H H H H H H H H 
B e 


A 


A, B, and C are identical Each has a chain of four carbon atoms with an OH group attached at 
C2. Compound D is a constitutional isomer of the others (it is a skeletal isomer) because its 


longest chain has only three carbon atoms. 


3 4 
i 1 CH3 CH2CH3 CH 
2 
CH3CH2—CH—CH3 HO—CH—CH2CH3 HO—CH—CH3 HOCH5— CH— CH3 
4 3 2 1 3 4 2 1 1 2 3 
A B c D 


1.32. Follow the procedure given in the solution to Exercise 1.17. 


This compound is a ketone with five carbon atoms in the chain, and there 
are no double or triple bonds: pent/an/one - pentanone. 

The principal functional group (ketone) can be at any position in the 
chain except C1. Numbering is started at the end that gives the C=O group 
the position with the lowest number. Numbering from the right end places 
the OH group at C2: 2-pentanone. 

This numbering order places the bromine atom at C3 and the methyl 
group at C4. The name of this molecule is 3-bromo-4-methyl-2-pentanone. 


a. 


18 


1.32. 


b. 


1.33. 


a. 
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(continued) 


This compound is a cyclic alcohol with five carbon atoms in the 
ring, which also has a double bond:  cyclopent/en/ol = 
cyclopentenol. 

The principal functional group (alcohol) defines its position 
of attachment as Cl. This numbering order means that the 
double bond begins at C2. The name of this molecule is 2- 
cyclopentenol. 


This compound is an aldehyde with five carbon atoms in the 
chain, and there is a triple bond: pent/yn/al - pentynal. 

The principal functional group (aldehyde) has to be at the 
end of the chain, and its carbon atom is Cl. Numbering from 
the right end places the triple bond at C3: 3-pentynal. This 
numbering order places the phenyl group at C5. The name of 
this molecule is 5-phenyl-3-pentynal. 


This compound is a carboxylic acid with five carbon atoms in 
the chain, and there is a double bond: pent/en/oic acid = 
pentenoic acid. 

The principal functional group (carboxylic acid) has to be at 
the end of the chain, and its carbon atom is Cl. Numbering 
from the right end places the double bond at C4: 4-pentenoic 
acid. The two methyl groups are at C3, and the name of this 
molecule is 3,3-dimethyl-4-pentenoic acid. 


This compound is an alcohol with five carbon atoms in the 
chain, and there is a double bond: pent/en/ol = pentenol. 

The principal functional group (alcohol) can be at any 
position in the chain. Numbering is started at the end that gives 
the OH attachment position the lowest number. Numbering 
from the right end places the OH group at C1, which puts the 
double bond at C2. The name of this molecule is 2-pentenol (by 
convention, the OH group is at C1 if no number is given). 


This compound is a cyclic ketone with four carbon atoms in the 
ring, which has no double or triple bond: cydobut/an/one - 
cyclobutanone. 

The principal functional group defines C1 by its position. A 
phenyl group is attached at C2. The name of this molecule is 2- 
phenylcyclobutanone. 


2 


5 4 3 2 1 
C Jem- c=c-cr-cro 


5 4 3 2 1 
CH34CH5- CH— CH— CH;- OH 


Break each name into its constituent parts, and then combine the pieces to form the structure. 
N,N-Dimethylaniline CH3 
aniline amine derivative of benzene; the point of attachment CS 
of the NH» group defines C1 \ 
CH3 


N,N-dimethy1 two CH3 groups are attached to the nitrogen atom 


1.33. 


(continued) 
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b. 12-Diaminocyclohexane 


1.34. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. 


cyclohex 
ane 
1,2-diamino 


6 carbon atoms in a ring 
no double or triple bonds 
two NE» groups, one at C1 and one at C2 


1-Amino-3-phenylbutane 


but 

ane 
1-amino 
3-phenyl 


4 carbon atoms 

no double or triple bonds 
NE» group at C1 

phenyl ring at C3 


3-Hy droxycyclopentanecarboxamide 


cyclopent 5 carbon atoms in a ring 
ane no double or triple bonds 
carboxamide CONH? group attached to the ring; its point of 
attachment defines C1 of the ring 
3-hydroxy OH group at C3 
N-Methylbutanamide 
but 4 carbon atoms 
an no double or triple bonds 
amide CONE: group at the end of the chain; its C atom 
defines C1 
N-methyl a CH3 group replaces a H atom on the N atom 
24-Dimethylaniline 
aniline amine derivative of benzene; the attachment point 
of the NH» group defines C1 
2,4-dimethyl two CHs groups, one at C2 and one at C4 


3-Methyl-2-butanone 


but 

an 

one 
3-methyl 


4 carbon atoms 

no double or triple bonds 
ketone functional group at C2 
methyl group at C3 


1-Chloro-3-hexene-2-one 


hex 
ene 
one 
1-chloro 


3-Methoxypentanal 


pent 


6 carbon atoms 

double bond starting at C3 

ketone: the carbonyl group is at C2 
chlorine atom at Cl 


5 carbon atoms 

no double or triple bonds 

aldehyde; its carbon atom defines C1 
OCH; group at C3 


1 
"9 NHo 
2 Il 
ie} 
N 
p "cH 
[9] 
4 1 
H3C NH 
3 2 
CH3 


D 
m o 
[0] N 


3 


2 


20 


1.34 


d. 
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. (continued) 


3-Isopropylcyclohexanecarbaldehyde 
cyclohex 6 carbon atoms in a ring 
an no double or triple bonds 
carbaldehyde aldehyde functional group; its point of 
attachment defines C1 of the ring 
3-isopropyl CH(CH3)? group at C3 


4-Bromobenzaldehyde 
benzaldehyde the aldehyde derivative of benzene; the 
attachment point of the CHO group 


defines C1 of the ring 

4-bromo bromine atom attached at C4 
3-Ethoxy-2-hexanone 

hex 6 carbon atoms 

an no double or triple bonds 

one ketone; the carbonyl group is at C2 

3-ethoxy OCH2CH3 group at C3 
2-Cyclohexenone 

cyclohex 6 carbon atoms in a ring 

en double bond starting at C2 

one carboxyl group defines C1 


3-tert-Butylcyclobutanone 


cyclobut 4 carbon atoms in a ring 
an no double or triple bonds 
one carbonyl group defines C1 
3-tert-butyl C(CH3)s group at C3 


Follow the procedure given in the solution to Exercise 1.17. 


This compound is a cyclic alcohol with six carbon atoms in the ring, 
which also has a double bond: cyclohex/en/ol = cyclohexenol. 

The principal functional group (alcohol) defines its position of 
attachment as Cl. This numbering order means that the double bond 
begins at C2: 2-cydohexenol. This numbering order places the chlorine 
atom at C6. The name of this molecule is 6-chloro-2-cyclohexenol. 


This compound is a ketone with seven carbon atoms in the chain, which 
also has a double bond: hept/en/one - heptenone. 

The principal functional group (ketone) can be at any position in 
the chain. Numbering is started at the end that gives the carbonyl 
group the position with the lowest number. Numbering from the left 
end places the carbonyl group at C3 and means that the double bond 
begins at C4: 4-heptene-3-one. A methyl group is attached at C6. The 
name of this molecule is 6-methyl-4-heptene-3-one. 


1, CHO 


2 
3 


1, CHO 
Cr 
Br 2 
3 


OCH;CH; 


AN 
$4 
3 
6 4 
[9] 
120 
[ 
fe) 
4H 
2 
3 
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1.35. (continued) 


c. This compound is the carboxylic acid derivative of benzene, 
which has the root - benzoic acid. 


The position of attachment of the -COOH group defines C1. COOH 
Numbering around the ring places the nitro group at C2 and the 
bromine atom at C4. The names of the substituents are arranged Br 4 7 8 NO; 


in alphabetical order. The name of this molecule is 4-bromo-2- 
nitrobenzoic acid. 


d. This compound is an aldehyde with seven carbon atoms in the 


chain, and there are no double or triple bonds. The name so far is 432 CHO 
hept/an/al = heptanal. ndi obs 1 
The principal functional group (aldehyde) has to be at the FF 


end of the chain, and its carbon atom is Cl. Numbering from the 
right end places the two fluorine atoms at C4. The name of this 
molecule is 4,4-difluoroheptanal. 


1.36. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. 1-Chloro-2-hexyne 1 
hex 6 carbon atoms CI ʻ à 
yne triple bond starts at C2 8 
1-chloro chlorine atom at C1 a 6 
b. 1,3-Dicyanobenzene 2 
benzene 6-membered ring arene NC. 3 CN 
1,3-dicyano two CN groups, one at C1 and one at C3 
c. 6-Bromohexanoic acid 
hex 6 carbon atoms á ; , 
an no double or triple bonds Bro ANN COOH 
oic acid carboxylic acid functional group; its 6 4 
carbon atom defines C1 
6-bromo bromine atom at C6 
d. 2-Nitrobenzaldehyde 1 CHO 
benzaldehyde the aldehyde derivative of benzene; the attachment 
point of the CHO group defines C1 of the ring £ i 
2-nitro NO» group at C2 2 
e. 4-Nitrotoluene 
toluene the methyl derivative of benzene; the attachment 1 " 
point of the methyl group defines C1 H3C NO? 
4-nitro NO» group at C4 2 3 
f. 2-Allyl-6-chlorophenol cl 
phenol the OH derivative of benzene; the attachment 5 
point of the OH group defines C1 s LOH 
6-chloro chlorine atom attached to the ring at C6 3 2 


2-ally1 allyl group attached to the ring at C2 CH;- CH—CH; 


21 
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1.36. (continued) 


g- 4-Pentynol 
pent 
yne 
ol 


h. 3,5-Heptadienal 


hept 
diene 
al 


i  1-Decanethiol 


5 carbon atoms 3 2 1 
triple bond starting at C4 Zo on 
alcohol functional group: OH at C1 5 


7 carbon atoms 


two double bonds; one at C3 and one at C5 7 5 3 A Fes 
aldehyde functional group, defines C1 ML 
6 4 


dec 10 carbon atoms 1 
an no double or triple bonds YO SH 
thiol SH functional group at C1 " 
j- 1-Nitropropane 
prop 3 carbon atoms 2 43 
ane no double or triple bonds Sno, 
1-nitro NO» group at C1 
k. 2,3,4-Hexanetriol OH 1 
hex 6 carbon atoms J 4 2 
an no double or triple bonds 6 3 
triol three OH groups, one each at C2, C3, and C4 OH OH 
L 2-Butyl-3-chlorobenzonitrile 
benzonitrile the nitrile derivative of benzene; the attachment 
point of the CN group defines C1 of the ring : CN 
2-butyl CH2CH2CH2CH3 group at C2 3 2 
3-chloro chlorine atom at C3 CI CH2CH2CH2CH3 


1.37. Follow the procedure given in the solution to Exercise 1.17. 


a. This compound is the carboxylic acid derivative of benzene, 
which has the root - benzoic acid. 

The position of attachment of the -COOH group defines C1. 
Numbering around the ring places the OH group at C2 and the 
allyl group at C6. The names of the substituents are arranged in 
alphabetical order. The name of this molecule is 6-allyl-2- 
hydroxybenzoic acid. 


b. This compound is the methoxy derivative of benzene, which has 
the root - anisole. 
The position of attachment of the -OCH3 group defines C1. 
Numbering of the ring places the F atom at C3. The name of this 
molecule is 3-fluoroanisole. 


OH 
1 COOH 
3 
1 
4 
SS 
5 6 
1,OCHs 
2 
3 
F 
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1.37. (continued) 


This compound is the amine derivative of benzene, which has the 
root - aniline. 

The position of attachment of the -NH2 group defines C1. 
Numbering around the ring to give the substituents the lowest 
possible numbers places the methyl group at C2 and the 
isopropyl group at C4. The names of the substituents are 
arranged in alphabetical order. The name of this molecule is 4- 
isopropyl-2-methylaniline. 


This compound is the aldehyde derivative of benzene, which has 
the root - benzaldehyde. 

The position of attachment of the -CHO group defines C1. 
Numbering around the ring to give the substituents the lowest 
possible numbers places Br atoms at C3 and C4. The name of this 
molecule is 3,4-dibromo-benzaldehyde 


1.38. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. 


4-(1,1-Dimethylethy1)-4-octanol 


oct 8 carbon atoms 

an no double or triple bonds 

ol alcohol; OH group attached at C4 
4-(X) substituent X; attached at C4 


X = substituent: 1,1-Dimethylethyl 


ethyl 2 carbon atoms; by convention attached 


through its C1 


1,1-dimethyl two CH groups attached at C1 of the 


substituent chain 


7 5 3 1 
Ho X 


b. 


3-Chloro-2-(1-hydroxyethyl)-6-nitrophenol 


phenol the OH derivative of benzene; the attachment 
point of the OH group defines C1 

6-nitro NO» group at C6 

3-chloro chlorine atom at C3 

2-(X) substituent X; attached at C2 


X = substituent: 1-hydroxyethyl 


ethyl 2 carbon atoms; by convention attached through its C1 
l-hydroxy OH group attached at C1 of the substituent chain 
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1.38. (continued) 


c. 3-Q-Fluoro-2-propenyl)-5-hepten-2-one $ " X 
hept 7 carbon atoms A 4 : 27; 
en double bond, starts at C5 
one ketone; the carbonyl group is at C2 of the chain [o] 
3-(X) substituent X; attached at C3 


X = substituent: 2-Fluoro-2-propenyl 


prop 3 carbon atoms; by convention attached through its C1 


en double bond, starts at C2 of this substituent chain 
yl a suffix that indicates this group is a substituent 
2-fluoroa fluorine atom at C2 of the substituent chain 


d. 4-(1I-Methylethy])-5-methyl-3-hexenal 


hex 6 carbon atoms 

en double bond, starts at C3 6 4 2 CHO 
al aldehyde, its carbon atom is C1 of the chain 5 A 3 1 
5-methyl CH3 group attached at C5 X 

4-(X) substituent X; attached at C4 


substituent: 1-Methylethyl 


ethyl 2 carbon atoms; by convention attached 


through its C1 
1-methyl CH3 group attached at C1 of the substituent chain 


Solutions to Exercises for CHAPTER 2 


BONDING IN ORGANIC MOLECULES 


2.1. To draw the Lewis structure of a given molecule, follow the procedure given in Section 2.1a of the 
text. Briefly, this procedure is as follows: 


8e to distribute (4 pairs) 


1) Draw the expanded structural formula. 
2) Calculate the total number of valence electrons. 
3) Subtract the number of electrons in the bonds already shown (2 electrons per bond) to calculate 
how many electrons are to be added to the structural formula. 
4) Distribute the remaining electrons in pairs to give eight electrons to each non-hydrogen atom. 
a. Tally the total number of valence electrons 
ji j 1 and subtract the number of bonding electrons. 
aoe oe C 3x4e = 12e i 
I l | i H H H 
H H H H 7x1e = 7e H | | | 
Cl 1x7e = 7e i H—C—C—C—COI 
| L 1. 7 
I 
TOTAL 26e ' H H H 
— 10 bonds x 2e = -20e ^ 
6e to distribute (3 pairs) 
b. Tally the total number of valence electrons 
H F H H and subtract the number of bonding electrons. 
II J | 
eT ett ii C 4x4e = 16e ! 
H 9x1le = 9e : H :F: H H 
How uH F 1x7e = 7e i ko PI 
| H—C—C——C——C-—— — 
O 1x6e  &e | "UT T T19" 
TOTAL 38e H H H H 
— 14 bonds x 2e = -28e J 
10e to distribute (5 pairs) 
c. Tally the total number of valence electrons 
o=c=0 and subtract the number of bonding electrons. 
[e] 1x4e = 4e H oe n 
O 2x6e = 12e i :0O=C=0: 
TOTAL 16e 
-4bondsx2e = - 8e 
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2.1. (continued) 


d. Tally the total number of valence electrons 
i Í i fi ji and subtract the number of bonding electrons. 
H—C—C—C—C—C—H i 
1 |} | gg | H H H HH 
H H H C H C  6x4e =24e L I I-L-] 
Il H 11x1e - 11e ! mea YS 
L 
N 1x5e = 5e ! H H H C H 
TOTAL 40e | I 
— 19 bonds x 2e = -38e . 
2e to distribute (1 pair) 
e. Tally the total number of valence electrons 
ii i î n and subtract the number of bonding electrons. 
H—C=C—C—C—H C 4x4e = 16e i -. 
| H 6xle = 6e ; H " T | 
I 
OL TUN se ! — H—C=C—C—C—H 
TOTAL 28e i | 
— 12 bonds x 2e = -24e i 
4e to distribute (2 pairs) 


2.2. Draw the Lewis structure for each compound by following the procedure outlined in the solution 
to Exercise 2.1. To calculate the formal charge on each atom, apply the following formula: 


Formal charge = # valence electrons — (# bonds + # nonbonding electrons) 


For the following compounds, add the unshared electrons to the given structure to generate a Lewis 
structure, and then calculate the formal charge on each nonhydrogen atom. 


-6 bonds x2e = -12e 
4e to distribute (2 pairs) 


a. C 3x4e = 12e | 
H3C H H 7xle = Te - HaC H 
bad " N 1x5e = 5e : UN onc 
H3C No O 2x6e = 12e | Bo S72" 
o TOTAL 36e ' 4. 
— 13 bonds x 2e = -26e i -— 
10e to distribute (5 pairs) 
Nitrogen atom: formal charge = 5 - (4 + 0) = +1 
Single-bonded oxygen atom: formal charge = 6 - (1 +6) = -1 
Double-bonded oxygen atom: formal charge = 6 - (2 * 4)- 0 
i 
b. HS C 1x4e = 4e ' - . T 
C=N=N H 2x1e = 2e ! ERN (9 
WA i CL—N-——N: 
H N 2x5e = 10e ! "4 
I 
TOTAL 16e ! 
I 
I 
I 


Terminal nitrogen atom: formal charge = 5 - (2 + 4) =- 
Other nitrogen atom: formal charge = 5 - (4 + 0) = +1 
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22. (continued) 


e: á C 2x4e = 8e | 5: 
H3C » H3C : 
SE cul H 6xle = 6e | NA 
PP. O 2x6e = 12e : AN 
HaC o S 1x6e 6e : HaC oO: 
TOTAL 32e | " 
I 
' 


— 11 bonds x 2e = -22e 
10e to distribute (5 pairs) 


Sulfur atom: formal charge = 6 - (5 + 0) = +1 
Oxygen atom: formal charge = 6 - (1 + 6) = -1. 
Double-bonded oxygen atom: formal charge = 6 - (2 * 4)- 0 


2.3. To assign the polarity of a bond, look at the atoms attached at the ends of the bond: The element 
with the greater electronegativity value will be ô- and the other atom will be 5+. The assumption is 
generally made that carbon-carbon and carbon-hydrogen bonds are not polarized to a significant extent. 


ü: 5- 8- 
b. a c. d. CH2CH3 
A es "rd l E B% 
2 t ns 
HC aol — ^CHs NH CH3CH;^ 5 CI CH.CH//— "CH)CHs 
C 


24. Follow the procedure outlined in Example 2.5. Briefly, this procedure is as follows: 


1) Draw a Lewis structure for the molecule. 


2) As many times as necessary, reproduce the atom positions of the first structure and move 
the electrons to generate the other structures. Make certain that you use all of the electrons 
and calculate the formal charges correctly. 


3) Evaluate the forms according to the criteria outlined in Section 2.3c of the text. 


a. Phosphate ion 
1) Lewis structure (with formal charges): 


O: -3 


2) Reproduced structures with redistributed electrons: 


:i -3 "E -3 :0: 3 
ai | - vr emen 
O-— | =0 a IU Ao» SURE 
Oo? :0 (Qr 


3) The phosphate ion has resonance structures in which a double bond exists between the P atom 
and one of the four oxygen atoms. Each single-bonded oxygen atom carries a -1 charge to give 
an overall charge of 3. The two following structures are less important: 
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24. (continued) 


:0! x o: 2g 
Par "— ive 
;9-—b-—0O p 9 

b I 

:0: :0 


Other less important structures (not shown) would have even fewer bonds and more formal charges or a 
negative formal charge on the phosphorus atom, which is a less electronegative element than oxygen. 


b. Methyl azide " 
1) Lewis structure (with formal charges): H43C—N—N-—N : 


+ 
2) Reproduced structure with redistributed electrons: H3,C—N—N=N: 


3) Methyl azide has two excellent resonance structures (suvwi avuvey. uy other structure puts 
only six electrons on one of the nitrogen atoms. 


a 2k = 
H3C—N—N=N: 


B - = 


H4C—N—N-N: H3C—N—N=N: 


N has only six electrons in these structures 


2.5. Draw the Lewis structure for water by following the procedure outlined in Exercise 2.1. Draw the 
valence bond representation by following the example of methane described in the text. 


a. The Lewis structure for water has an octet of electrons H—ÓO: 
\ 


around the oxygen atom and a bond to each of the 
hydrogen atoms. 


hybrid orbitals has four sp? orbitals arranged in a 


b. The valence bond representation for water that employs 2sp? 
tetrahedral geometry. Overlap with the hydrogen 1s 2sp? () 


orbitals creates the O-H bonds. The idealized ZH-O-H 


: be 
would be 109.5°. X 0 


2.6. To draw the valence bond representation for propane, first 


generate the Lewis structure to make certain that the electrons are H H sp? 
located appropriately. Then decide on the hybridization of the H <7 H 
carbon atoms according to whether they have four single bonds sp? He oN we 

(sp?), two single bonds and a double bond (sp?), one single bond CN | | NA sp? 
and a triple bond (sp), or two double bonds (sp). (Hybrid orbitals H H 


in the figures on the following pages are shown in black; p orbitals 
are shown in color.) 
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2.6. (continued) 


To draw the orbital picture for each carbon atom, create overlap between the hybrid orbitals of adjacent 
carbon atoms to form the carbon-carbon bonds. If multiple bonds are present, show the overlap between 
adjacent p orbitals. Overlap between a hybrid orbital of carbon with the hydrogen 1s orbital generates a 
C-H bond. This molecule has no pi bonds. 


Z H-C-H = 109.5? 
pA SON Z C-C-H = 109.5° 
Z C-C-C = 109.5? 


2.7. Follow the procedure outlined in the solution to Exercise 2.6. 


120° 
120° 
120° 


2.8. Follow the procedure outlined in the solution to Exercise 2.6. 


180° 
180° 


NN 
PF 
PÈ 
X XI 
|a 
88 
3 g 
NN 
PF 
P 9 
o0 
“ou 


2.9. Follow the procedure outlined in the solution to Exercise 2.6. When a heteroatom is present, assign 
its hybridization to be the same as the carbon atom(s) to which it is attached. If a heteroatom is attached 
to carbon atoms with different types of hybridization, assign the heteroatom’s hybridization as the one 
with less p-orbital character (that is, sp? rather than sp?) and place an unshared electron pair in the p 
orbital. 
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29. (continued) 


TU GA Z H-C-H = 109.5? 
p o gg "^ 
sp? C gH PW Z O-C-H = 109.5? 
bos | | “ae Z C-O-C = 109.5° 
l l 4 à 
2.10. Follow the procedure outlined in the solution to Exercise 2.9. 
H 
QUAL P op 
sp E. iid 
H 
Z H-C-H = 109.5? £Z C-C-N = 180° 
£ C-C-H = 109.5? 
2.1. Follow the procedure outlined in the solution to Exercise 2.9. 
sp? 
H 
ae VG - 
Y d M: D 
d sa 
Cc 2 
d | T = 109.59 
H = .' 
" sp - 109.5? 
£Z H-C-H = 109.5? 
£Z C-C-H = 109.59 


2.12. In the acetate ion, each oxygen atom has sp? hybridization. Two equivalent resonance forms can 
be drawn for the acetate ion, which explains why the two carbon-oxygen bond lengths are equal. A 
composite Lewis formula for the acetate ion is equivalent to the valence bond representation, which 
shows overlap between the p orbital of each oxygen atom with the p orbital of the carbon atom. 


H O: H :0:7 H 


\ J WW. NW 
wo—s o AC—G G—63 [z] 
H Ne H N H` NM 
H 10: H O: H 'o 
Resonance structures Composite 


Lewis structure Valence bond representation 
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2.13. Hydrogen bonds are formed when a hydrogen atom attached to a heteroatom (usually O, N, or S) 
is proximal to an unshared pair of electrons on a second heteroatom, usually O or N. 


a. In ethanol, the proton donor is the alcohol H 
\ - 
OH group, and the acceptor is the oxygen On H—O: 
atom of another molecule of ethanol with its CHa3CHZz " CHCH 
unshared pair of electrons. acceptor donor diia 
b. In pure water, the proton donor is the water H 
OH group, and the acceptor is the oxygen bm H—O: 


atom of another molecule of water with its 


unshared pair of electrons. » 


acceptor donor 


c. Ina mixture of water and ethanol, the proton donor is the OH group of either water or the alcohol 
molecule, and the acceptor is the oxygen atom of either water or the alcohol molecule. Four 
combinations are therefore possible (ethanol/ethanol; water/water; ethanol/water; water/ethanol). 


H H H H 
is N T N LU N .. 
Ono Hmo: orn H—Q: — ome ES. pom H—Q: 
ws H^" a. H^" 
CH3CH? CHCH H ii H CH;CH; 
acceptor donor acceptor donor acceptor donor acceptor donor 


d. Dimethyl ether cannot form hydrogen- 


H3C, 
bonds with itself because there is no proton 3 X 
donor group. All of the hydrogen atoms are H«C "P 
3 


attached to carbon. 


e. Ina mixture of water and dimethyl ether, the proton donor must be the OH group of water, but the 
acceptor can be the oxygen atom of either water or the ether molecule. Two combinations are 
possible (dimethyl ether/water and water/water). 


H3C - 
ex N v 
Oirun H— O: Qiii» H— 0O: 
PRT ce 
HC N u^ N 
H H 
acceptor donor acceptor donor 
2.14. Follow the procedure outlined in Exercise 2.1. 
a. Tally the total number of valence electrons 
H H O H H and subtract the number of bonding electrons. 
von oe ee C 6x4e = 24e | 
| | | | H  12x1e = 12e | ji mie 4 
H CH3 H H [e] 1x6 = 6 ' 
ae oe ! H—C—C—C—C—C—H 
TOTAL 42e | | la I I 
— 19 bonds x 2e = —38e ' 3 


4e to distribute (2 pairs) 


32 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


2.14. (continued) 


b. Tally the total number of valence electrons 
H H and subtract the number of bonding electrons. 
Br—0—6— CN C 3x4e = 12e 
H H H 4x1le = 4e i H H 
Br 1x7e = 7e i i 
N 1x5e = 5e :Br—C—C—CSN: 
TOTAL 28e | H H 
— 10 bonds x 2e = -20e L 
8e to distribute (4 pairs) 
c. H gu Tally the total number of valence electrons 
E. V m and subtract the number of bonding electrons. 
s C o 
Hoo p i ^ Z| H 
—o1 4X X G 6x4e - 24e | 70. oc O: 
P^ H  O—H H 10x1e = 10e ' u^ RW i 
H H O  3x6e = 18e !  u—c \ 
: / C H :0—H 
TOTAL 52e H H JES EE 
-20 bonds x2e = -40e ! H 4H 
12e to distribute (6 pairs) 
d. H Tally the total number of valence electrons 
l and subtract the number of bonding electrons. 
Hoen" ; H 
[ 1l C 8x4e = 32e 1 | H 
HC, Ca. 20. c7 H  8xle = 8e i Hee e^ 
9 T | O 2x6e = 12e H 1 I ó: 
H H 1 HaC, Ca Cno: 
TOTAL 52e i fe) f 
— 22 bonds x2e = -44e l H H 
8e to distribute (4 pairs) 


2.15. To assign the hybridization type for a given carbon atom, look at the number of bonds it forms 
with the neighboring elements. If the carbon atom forms four single bonds, then it has sp? hybridization. 
If the carbon atom has a double bond and two single bonds, it has sp? hybridization. If the carbon atom 
has a triple and a single bond or if it has two double bonds, it has sp hybridization. 

A heteroatom is normally assigned the same hybridization type as the carbon atom to which it is 
attached. If a heteroatom is attached to carbon atoms with different types of hybridization, assign the 
heteroatom's hybridization the same as the carbon atom with less p-orbital character (that is, sp? rather 
than sp?) and place an unshared electron pair in the p orbital. Hydrogen atoms have only a 1s orbital and 
are not hybridized. 


a. b. H H 
H H :O: H H "S db 

|| wg | :Br—C—C—C==N: 
ORAE ae 
H CH3 H H H H 

black: sp? — red: sp 


black: sp? red: sp? 
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2.15. (continued) 


c d. H 

HH T 
A I» H, o7 "c^ 
Ne e / [ ll 
H^] b i HaC Sx, n° 
H—C~./\ \ = i | 

C. H :O—H H 
H 7x, S 
H H 


black:sp? red: sp? 
black: sp? red: sp? 


2.16. Asingle bond between any two atoms is a sigma bond. If two atoms are connected by a double or 
triple bond, then one bond is a sigma (0) bond, and any other bonds are pi (1) bonds. 


- n bond z H H bond e M 
\ / bond 
aU. -4 br en 
H—C—C—C—C—H 1 bond "d Vi TN H—C=C—C—C=C—H 
| | | M d i 1 bond | a 
" EB £3 &bond H P 
1 bond x bond 


2.17. Bond lengths correlate with the types of bonds: a single bond between any two atom types is 
longer than a double bond between the same atom types, which in turn is longer than a triple bond. If 
the same type of bond is being evaluated (for example, single bonds), then bonds to smaller atoms are 
shorter. Atomic sizes decrease toward the upper right corner of the periodic table. In the following 
figures, the shorter bond within a given molecule is indicated by the arrow. For the comparisons 


between different molecules (c. and d.), only the molecule with the shorter specified bond is shown 
below. 


H4C—0—N—0O H4C— C—0— CH; H—C=N CH,CH)—Br 


2.18. Follow the procedure outlined in the solution to Exercise 2.2. 


— 18 bonds x 2e = -36e 
10e to distribute (5 pairs) 


a. Tally the total number of valence electrons 
H H and subtract the number of bonding electrons. | 
LU 
\ / l 
e- p C 6x4e = 24e i H H 
H- "c-N H 5xle = 5e | e-d o: 
\ 4 Ny = / WEN 
PF 9 Er 3 á D Es | Hoc J-N - 
HH i : c-74 `: - 
L 
TOTAL 46e H H 
I 


Nitrogen atom: formal charge = 5 - (4 + 0) = +1 
Single-bonded oxygen atom: formal charge = 6 - (1 + 6) = —1 
Double-bonded oxygen atom: formal charge = 6 - (2 +4)=0 
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2.18. (continued) 


b. o Tally the total number of valence electrons 
i and subtract the number of bonding electrons. 
H3C ' 
^o^ "CH, C 3x4e = 12e | . 
HN H 8xle = 8e i | 
a EH O 1x6e = 6e i ll 
is H3C S 
S 1x60 6e | bd CH, 
TOTAL 32e | H H 
— 13 bonds x 2e = -26e : 
6e to distribute (3 pairs) 
Sulfur atom: formal charge = 6 - (4 + 2) 2 0 
Oxygen atom: formal charge = 6 - (2 + 4) =0 
c. Tally the total number of valence electrons 
j P © and subtract the number of bonding electrons. 
H3C c iS) C 4x4e = 16e i 
Mc^ c^ = ! H H 
IN T H 7x1le = 7e j V _]9° 
H H p O 2x6e = 12e | | B30 UC. 70 
© 1x1e 1e : A i 
LU 
TOTAL 36e ' H H 203 
I 
L 


— 13 bonds x 2e = -26e 
10e to distribute (5 pairs) 


Single-bonded oxygen atom: formal charge = 6 - (1 + 6) = -1 
Double-bonded oxygen atom: formal charge = 6 - (2 * 4)- 0 


2.19. Follow the procedure outlined in the solutions to Exercises 2.2 and 2.4. If you consider the 
resonance forms in which each oxygen atom has an octet of electrons and each sulfur atom has ten 
electrons, you will find that three equivalent resonance forms can be drawn for each species. Sulfur 
trioxide should have shorter sulfur-oxygen bonds than the sulfite ion because each sulfur-oxygen bond 
in sulfur trioxide has double-bond character in two resonance forms , whereas each sulfur-oxygen bond 
in the sulfite ion has double-bond character in only one resonance form. The sulfur atom in sulfur 
trioxide has a positive formal charge in each resonance form, and the oxygen atoms in the sulfite ion have 
a greater overall density of negative charge. 


Sulfite ion 
LE ad 2- = us t 2- = 2- 
‘Og. OQ ^9 SS uz? 
l dim I EX EL us 
Her [e] [e] 
Sulfur trioxide 
(Ox +9 00+ Z0 O +30 
= Y | 
:0 Os :0 
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2.20. Follow the procedure outlined in the solution to Exercise 2.15. In the structures shown below, 
non-hydrogen atoms shown in color have sp? hybridization; the remaining non-hydrogen atoms have sp? 
hybridization. There are no atoms with sp hybridization in these molecules. The H atoms are not 


hybridized. 
ZC. CF. 
ouo dil 
Cs C 
ger NH2 o^ C 
Pa a a ae HS e" E N -CH3 
LT] ll C-OH " 1 1 
o [0] 4 "c^t H 
[9] 
Novocain Captopril Prozac 
Local anesthetic Antihypertensive Antidepressant 


2.231. When drawing resonance structures, nuclei positions must not change, and the number of 
electrons and atoms must be the same. 


g P 


moan 


These are isomers, not resonance structures: a hydrogen atom has changed positions. 
These are resonance forms; only the electrons have moved. 

These are isomers, not resonance structures: a hydrogen atom has changed positions. 
These are resonance forms; only the electrons have moved. 

These are not resonance forms: the number of atoms in each structure is different. 


These are resonance forms; only the electrons have moved. 


2.22. The best resonance structures are those in which each non-hydrogen atom has an octet of electrons 
and no formal charge. The next best structures may have formal charges, but the charges are small (+1 or 
-1), and a negative charge resides on the more electronegative atom. 


Structure I is the most important because each atom has an octet of electrons. Structure II is also a 
reasonable contributor because the negative formal charge is on oxygen, a highly electronegative 
element. Structure III makes an insignificant contribution: the oxygen atom lacks an octet and it 
carries a positive charge even though it is the most electronegative element in the structure. 


Structure I is more important because each atom has an octet of electrons and there are no charges on 
the atoms. Structure II is also reasonable because the atoms have octets and the negative formal 
charge is on oxygen, a highly electronegative element. 


Structure I is the most important because each atom has an octet of electrons, and no atom carries a 
formal charge. Structure II is reasonable because each atom has an octet of electrons, but it is less 
important than I because formal charges are present (notice that the oxygen atom carries a positive 
formal charge: this situation is acceptable if every atom has an octet). Structure III has a carbon 
atom with only six electrons, so it is the least important of these resonance forms. 


Structures I and II are equally good and contribute significantly to the resonance hybrid. Structure 
III is much less important because one carbon atom lacks an octet of electrons. 
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2.23. Follow the procedure outlined in the solution to Exercise 2.2. 


a. The Lewis structure for BF: d FN B^ F: 
| 
E 
b. The Lewis structure for boron trifluoride etherate: It is T CHCH; 
not surprising that the adduct between boron trifluoride F. mcs = & 
and diethyl ether is stable because each non-hydrogen FI P 4 : 
atom has an octet of electrons. IE CH;CH; 


2.24. Follow the procedure outlined in the solution to Exercise 2.4. 


a. The anion of 2,4-pentanedione has an overall charge of -1, so each resonance form must have a -1 
charge. Three good structures can be drawn in which each atom has an octet of electrons. 

H H 

| | 


CH3 H3C C Ç CH3 


Se ee 


Cc Cc C [€ Cc 
ll Il Il | | |l 
70: OS Hon :0: Pod 


b. For methyl nitrite, two good structures can be drawn in which each non-hydrogen atom has an octet 
of electrons. 


+ 


H4C—0—N—0 <— > H;C—O=N—O: 


c. Seven good resonance forms can be drawn for the cycloheptatrienyl cation. Each structure has a 
carbon atom with only six electrons and a positive charge. It is not possible to draw a structure in 
which each non-hydrogen atom has an octet of electrons. 


Eod H HoH 
H H 
(a oc H —— q~< 
H H 
a 8 p h g ^" 
Hu a. ud H uH E dd 
H H H 
H ——- H ——- H ~~ H 
H H H 
g^ Hg 8 p y go 


225. Triplet methylene has two electrons with the same spin (indicated in the following figure [part 


I 


I 


I 


I 


(a.)] with arrows pointing in the same direction), and those electrons will repel each other. If each single 
electron can be placed in a separate orbital, then the repulsive forces will be minimized. Therefore, triplet 
methylene is likely to have a carbon atom with sp? hybridization (tetrahedral). 

Singlet methylene has two electrons with opposite spins (indicated in the following figure [part (b.)] 
with arrows pointing in opposite directions), so they can occupy the same orbital. According to the 
VSEPR model, three electron pairs (the two pairs that form the C-H bonds plus the unshared pair) will 
adopt a trigonal arrangement, so the hybridization is likely to be sp’. 
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225. (continued) 


Triplet methylene Singlet methylene 


2.26. Follow the procedure and examples outlined in the solution to Exercises 2.9-2.11. 


a. Acrylonitrile: the valence bond representation has a double bond between two carbon atoms so each 
of those atoms has sp? hybridization. The carbon and nitrogen atoms that are connected via a triple 
bond each have sp hybridization. 


b. Acetamide: the valence bond representation has a double bond between carbon and oxygen and 
each atom has sp? hybridization. The nitrogen atom is also assigned sp? hybridization, and its 
unshared pair of electrons can partially overlap with the carbonyl carbon atom. 


c. Methyl vinyl ether: the valence bond representation has a double bond between the two carbon 
atoms, both of which have sp? hybridization. The oxygen atom is also assigned sp? hybridization, and 
its p orbital can overlap with the adjacent carbon atom. 
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2.26. (continued) 


d. 2-Methylpropene: the valence bond representation has a double bond between two of the carbon 
atoms that have sp? hybridization. The carbon atoms of the two methyl groups have sp? 
hybridization. 


sp? 
H., NS 
“C==c** 
H, sp? g? ~ Ch, 
3 
sp 


2.27. Bond angles are determined by the hybridization of the middle atom among the three defining the 
angle. If the central atom has sp hybridization, the angle is 180°. If the central atom has sp? hybridization, 
the angle is 120°. If the central atom has sp? hybridization, the angle is 109.5? 


a. 120° H b. o _120° H 
N 
M ae A 120° Sd 
d mos m HIIS N 
PX 10.5 ( $ 120° H 
H 180° H H 
1200. H 
et "a d ^N H 
HUE 120? H 109.59 d3 
NO " A CH 
2 C-- 0 109.5 T'c—c.2) 120° 
/ Ne v 
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2.28. A compound that forms hydrogen bonds among molecules of itself will have strong attractive 


forces that have to be overcome to reach the boiling point. More heat, therefore, has to be applied to such 
substances to vaporize them, and their boiling points will be high. 


[9] 
"Mp 
"N^ "CH,CH;CH, E. " 
I H3C CH2CH2CH3 = bp = 72 °C 
H 
C o 
ie, I 
~N” ÎN CH; CH;CHs H3C~ "T CH;CH;CHS bp = 105 9c 
| i—i 
H 
A Butanamide forms hydrogen These two molecules cannot 
te, ll bonds between neighboring form hydrogen bonds because 
Sag es cu,cu, Molecules, so the boiling point they lack O-H or N-H bonds. 
| 277273  ishigh (bp = 220 °C) 
H 


2.9. A compound that forms hydrogen bonds with molecules of water will be more soluble than those 
that do not. Even though the ketone and ether molecules can act as hydrogen bond acceptors toward 
water, butanamide can be both a hydrogen bond donor and acceptor, so it likely will be more soluble. 


H H H 
b ~o b 
H SHT | P di 
| o z R 
H 29, I o i 
kd " CH;CH;CH; H3C~ ~CH,CH,CH; H;C~ ~CH,CH,CH; 
H 
B Methyl propyl ether 2-Pentanone 
H^ ss H Hydrogen bond acceptor Hydrogen bond acceptor 
only with water only with water 
Butanamide 
Can act both as a hydrogen bond 


donor and acceptor with water 


2.30. Hydrogen bonds form when an N-H or O-H group comes within about 3A of a heteroatom that 
has an unshared electron pair. In the compounds shown, the amide N-H groups form hydrogen bonds 
with the electron pairs on the carbonyl group oxygen atoms of the other compound. 


CH, 
H3C 
fe) T N 
N Tuy 
HG 
N—H, ic 
[e] "y 
E —CH 
CH; dila 
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2.31. A hydrogen bond donor is a compound that has at least one O-H, N-H, or S-H bond. A hydrogen 


bond acceptor has a heteroatom—usually O or N—that also has an unshared pair of electrons (therefore, 
R4N* compounds are not in this category). Any compound that has a hydrogen bond donor group is 
often a hydrogen bond acceptor as well because it has a heteroatom with an unshared pair of electrons. 
The compounds shown below that can act as hydrogen bond donors are cirded. These will be 
hydrogen bond donors toward water and toward other like molecules. Those that are only hydrogen 
bond acceptors are enclosed in a box. These will form a hydrogen bond with water in which the O-H 


bond of water is the donor. They will not, however, be hydrogen bond donors toward like molecules. 
The alkene (part e.) is neither a hydrogen bond donor nor acceptor. 


a. b. o e: 
l 
H4C^ CH, 
d. e. f. fe) 
Il 
o C 
Hac” "CH, Hac” `H 


2.32. Hydrogen bonds form when an N-H or O-H group comes within about 3Å of a heteroatom that 
has an unshared electron pair. In the reverse turn of a protein, the amide N-H groups form hydrogen 
bonds with the unshared electron pairs on the carbonyl group of another amide group 3 or 4 amino acids 
away as shown below in (a.). 


It is also possible that the NH group bonded to the carbon atom with R3 attached can form a 
hydrogen bond with the carbonyl oxygen atom of the amino acid with Ri (below, b.) 


a. 


o H Ry b. o H Ry 
Jj \/ i if 
Ry "um dir a Ry a NN 
u— e | 28 | 
\ H 9 H^ H 0 
NH = z N = H 
Ou — Lo: or On, f C 
Sg o H "ee O H 
\ /| | \ / | 
Ro | ls ete R^ | s aa e 
H | SN "Protein H l N "Protein 
Ri H 


a 
x 


Solutions to Exercises for CHAPTER 3 


THE CONFORMATIONS OF ORGANIC MOLECULES 


3.1. To construct the sawhorse representation of a molecule, draw a horizontal line that corresponds to 
the central carbon-carbon bond. Next, attach the two carbon atoms that will become the methyl groups— 
in the syn-periplanar conformation, the methyl group carbon atoms will be eclipsed with each other. 
Finally, attach hydrogen atoms to each carbon atom. 


sey, 
uJ Vu 
- H 


The hydrogen atoms on the two central carbon atoms are eclipsed, but the hydrogen atoms of the methyl 
groups are staggered with respect to those of the methylene groups. These staggered relationships 
between a carbon-hydrogen bond and the central carbon-carbon bond are emphasized using colored 
lines and atoms in the figures below. 


H 
: p i F F He 
H—G CH3 HC C—H H—C C—H 
w y Ww. a - x y 
see, see, S0——G, 
"A N ^n TAA VCH u“ VCH 
H H H H H H 


3.2. The most stable conformation of an alkane exists when the carbon-carbon bonds are staggered with 
respect to the neighboring bonds. If groups bigger than hydrogen atoms are on adjacent carbon atoms, 
they will tend to be as far as possible from each other. To draw the sawhorse projection, follow the steps 
shown in the solution to Exercise 3.1. To convert that representation to a Newman projection, sight along 
the bond that you drew originally, and add the substituents as they appear in the sawhorse projection. 


a. Propane (C1-C2 bond). This compound is not unlike butane (Exercise 3.1) except that it has one less 
methyl group. The staggered conformation is the most stable, so the methyl group (C3) should not 
be eclipsed with any of the hydrogen atoms on C1. 


36 H CH, CH3 
4 3 Hy 1 2/ H H 
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3.2. (continued) 


b. 2-Methylpropane (C1-C2 bond). This compound looks like propane [part (a.) of this exercise] except 
that one hydrogen atom attached to C2 is replaced by a methyl group. 


c H * CH, CH3 
1 2/ MEC a/ X 
c—c ——- c—c ——- c—6G,, ——- 
\ "1 V ^u Heli 


CH3 


c. 22-Dichlorobutane (C2-C3 bond). This compound looks like butane except that the two hydrogen 
atoms at C2 are replaced by chlorine atoms. A chlorine atom is smaller than a methyl group, so the 
two methyl groups (C1 and C4) will be anti to each other in the most stable conformation. 


46 Cl 4 CH; CH3 
2 3 ; Cn 2 3 y cl CI 
c—c ——~ c—c ——~> c—C,, —- 
1 Hid VCH H H 
3 H CH3 


Energy diagrams for propane (a.) and 2-methylpropane (b.) reflect the limiting conformations that 
can exist. For each compound, only two are unique: staggered and eclipsed. Therefore, a plot of energy 
versus the dihedral angle looks like the diagram that was presented in the text for the conformations of 
ethane. The only differences are the magnitudes of the energy values for the limiting conformations. 
Each He e eH eclipsing interaction is about 1 kcal mol”, and each He e «CH: eclipsing interaction is about 
1.4 kcal mol". Therefore, the difference in energy between the eclipsed and staggered conformations for 
propane has a value of 1 + 1 + 1.4 = 3.4 kcal mol", and that for 2-methylpropane has a value of 1 + 1.4 + 1.4 
= 3.8 kcal mol”. (The hydrogen atoms in color on the following diagrams are included only to show the 
relative orientations of substituents as rotation occurs about the central carbon-carbon bond.) 


a. b. 


H CH3 H CH3 


( a ( oe 
H CH, H CH; 
H H 


3.3. Construct a Newman projection by sighting along each of the carbon-carbon bonds in turn, and 
then place the substituents in their appropriate orientations. Sighting along the C1-C2 and the C1-C6 
bonds is illustrated in Figure 3.9 of the text. The views that you see along the other bonds are illustrated 
in the following schemes. 


CHAPTER 3 / THE CONFORMATIONS OF ORGANIC MOLECULES 43 


3.3. (continued) 


H 


H 
C5-C6 bond Oo 
H 
C4-C5 bond H 
————— 
H 


H 
H 
H 
C4-C3 bond H 
———— 
H 
H 
H 
H 
H 
H 


nu 


C3-C2 bond PO 
—————— 


34. The Newman projection along the C1-C2 bond in the boat conformation of cyclohexane is 
generated by sighting along the C1-C2 bond and placing the substituents in their appropriate 
orientations. The C2-C3 bond has a pseudogauche orientation (dihedral angle between 0? and 60?) with 
respect to C1-C6 (give yourself full credit if you said "gauche".) 


4 , 
1 C—H H 4 
5 H 
WA 6 C1-C2 bond - 
3 E H a 5 
A 
4 H 


3.5. Within its cyclic framework, cyclopentane has two gauche and two pseudogauche interactions (in a 
pseudogauche conformation, the dihedral angle is between 0° and 60°). When an axial methyl group is 
induded, two additional gauche interactions are created (shown in the following scheme with colored 
lines). When the methyl group is equatorial, its relationships to the carbon-carbon bonds within the ring 
are anti. Therefore, the conformation having an equatorial methyl group is expected to be more stable. 
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3.5. (continued) 


Cyclopentane 
H H H 
H H H - H H 
" H " H n H 
H H H 
H | H | H | 
H H H H H H H H H 
gauche gauche pseudogauche pseudogauche 
Methylcyclopentane (axial) Methylcyclopentane (equatorial) 
CH3 H H 
H H H H H H H 
n H " CH, H CH, 
H H H 
H | H H l H | 
H H H H H H H H H 
gauche gauche anti anti 


3.6. Use Equations 3.4 and 3.5 in the text to calculate Keq and the percentage of species B. 


AG? = +5.0 kcal mol? Keq = 2.14 x 10* %B = 0.02% 
AG? = -5.0 kcal mol Keq = 4.67 x 10? %B = 99.98% 


3.7. For the substituted cyclohexane derivatives given in Table 3.2, use Equations 3.4 and 3.5 in the text 
to calculate Keq and the percentage of the equatorial isomer (“B”). 


Substituent AG? Keq % equatorial isomer 
—H 0.0 1.0 50 
—F, —CN -0.2 14 59 
—Cl, —Br, —C=CH_ -05 2.3 70 
—OCH3 -0.6 2.8 74 
—OH -1.0 5.5 85 
—COOH -14 10.8 92 
—CH5, —CH=CH2 -1.7 18.1 95 
—CH2CH3 -1.8 21.5 96 
—CH(CH3)2 -2.1 35.9 97 
— CeHs -29 140.0 99 
—C(CH3)s -5.4 9.9 x 10* 100 


3.8. To draw the structures for the chair conformations of the 1,4-dimethylcyclohexane isomers, first 
draw the top view of the structure, using filled and dashed wedges to depict the stereochemical 
relationships (cis and trans). Then, convert these structural formulas to their chair forms by placing the 
methyl groups in the proper positions. Draw the form that occurs after a ring flip and decide which of 
the two is more stable. Remember that a ring flip converts axial to equatorial positions and vice versa. 


cis-1,4-Dimethylcyclohexane 


conformers of equal stability 
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3.8. (continued) 


trans-1,4-Dimethylcyclohexane 


CH; CH; i 
CH; 
QE e EM sn 
et CH3 
HC 
CH3 more stable conformer H 


3.9. Follow the procedures outlined in Example 3.5 and in Exercise 3.8. 


a. trans-1-Bromo-3-fluorocyclohexane 


Br B 
H 
A ? AG H Br 
: more stable 
F F 


b. cis-2-Ethylcyclohexanecarboxylic acid 
COOH COOH 


COOH CH2CH3 
> H " H 
CH2CH3 H 


H More stable 


w 
E- 


} 


conformer H 
c. trans-4-Chlorocyclohexanol 
OH OH H 
OH 
= H > H— CI 
TS H EE OH 
er more stable 
CI conformer H 


d. cis-1-tert-Butyl-3-methylcyclohexane 


C(CH3)s C(CH3); - C(CH3)s 
3 
s H 5 H 
A px ` ne ccn 
CH3 


H H H 
more stable conformer 


e. cis-l-Isopropyl-4-phenylcyclohexane 


CH(CH3)2 CH(CH3)2 Ph 
CH(CH3)2 
LP pa p 
Ph CH(CH3)2 
Ph more stable 
H conformer H 


f. traus-1,2-Dimethoxycyclohexane 


OCH; H 
——— H » H A 
e H d OCH; 
'OCHs more stable 


OCH3 CH30 H conformer 
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3.10. To generate the chair conformers of 2-methyldecalin, first draw the ring system for the two 
isomers, trans- and cis-decalin. Next attach a methyl group at C2 in either the axial or equatorial position 
of each isomer. For cis-decalin, perform a ring flip and decide which conformer is more stable. In the 
structures of the cis isomers drawn below, the more stable conformation is the one with fewer alkyl 
substituents in the axial positions. These axial bonds to carbon atoms are indicated with colored lines. 


CH3 H 
1 1 1 
licen ae p i A li 
trans-Decalin axial methyl group equatorial methyl group 


N 


H 
CH3 
2 
cis-Decalin " H 


equatorial methyl group 
more stable conformer 


H 
2 
CH 
1 3 more stable 
nt é conformer 
1 
2 
CH3 
1 
2 
H 


3.11. The boat conformation of cycloheptane is generated by flipping one end so that it points in the 
same direction (up or down) as that in which the other end points. There are six eclipsed interactions 
that can be identified in the boat conformation (shown in two separate structures for clarity). 


y H H Og 


Besides the eclipsed interactions, there are two gauche and four pseudogauche interactions, as shown with 
the colored lines in the following structures. 


gauche (dihedral angle = 60°) 


a mu 


pseudogauche (dihedral angle between 0? and 60?) 


Eu it L7 X 4 
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3.12. A spiro compound is a bicyclic molecule in which the two rings share a common atom, and the 
numbers within the brackets indicate how many atoms are in the links that form each ring. Bridged 
bicyclic compounds have two carbon atoms in common, and the numbers in brackets indicate the 
numbers of atoms that link these two carbon atoms, which are the bridgehead positions. When one of 
the numbers within the brackets is zero, a bridged bicyclic compound has fused rings. The total number 
of carbon atoms in all bicyclic compounds is given by the root name. 


1 
a. Spiro[3.5]nonane 2. 
nonane: 9 carbon atoms 3( 92 
spiro: the shared atom is bridged by chains with i 
E 5 3 


3 and 5 carbon atoms 


b. Bicyclo[3.2.1]octane " 1 
octane: 8 carbon atoms 1m C, Z 
bicyclo: the bridgehead carbon atoms are linked C? 172 7 

I 3 
H 


by chains with 1, 2, and 3 carbon atoms 


c. Bicyclo[3.3.0]octane 


octane: 8 carbon atoms 1 H 1 
bicyclo: the bridgehead carbon atoms are linked by ° 
two chains with 3 carbon atoms each e Cc 
[ 
3 3 
H 


3.13. Follow the procedure outlined in the solution to Exercise 3.1. 


a. 1-Chloropropane (C1-C2 bond) This compound is like propane (Exercise 3.1la) except that a 
chlorine atom replaces one of the terminal methyl groups. The arti conformation places the C3 
methyl group and chlorine atom as far from each other as possible. 


3 C ü H CH3 CH3 
1 2 1 2/ S "4 H H 
C—C ——— C—C —— c—eC,, ——— 
Pd “H H H 
H CI 


cl 


There are two eclipsed conformations: one has the two largest groups (Cl and CH3) pointing in the 
same direction. The other has the chlorine atom in front of a hydrogen atom in the Newman 
projection. 


cl H 
cl CH3 CH H CH3 Chs 
Yd — hd 
H° iT HH "» \ n He 
H H H H H 


CI 


The gauche conformation places the methyl group and the chlorine atom 60? apart as you look along 
the C1-C2 bond in the Newman projection. 


CH 
H CH; 3 
Mea J H cl 

C—C —~ 
/ X H H H 
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3.13. (continued) 


b. 2-Iodobutane (C2-C3 bond). The anti conformation is that in which the methyl groups attached to 
C2 and C3 are as far from each other as possible. The iodine atom is gauche to the C4 methyl group. 


*c H CH; CHs 
2 3 2 3/ EX £g H I 
E =E E — [OR — 
'c Hie H r j CH3 j 


methyl groups anti 


There are three eclipsed conformations: one in which a methyl group is in front of the other methyl 
group, one in which the iodine atom is in front of the C4 methyl group, and one in which the 
hydrogen atom on C2 is in front of the C4 methyl group. 


H3C I 
H3C CH; CHs I CH; CH3 
A N 
R c—C, — Xc—— C, — 
r7 VCH H HH HU VCH H H CH3 
H H I H3C H 
methyl groups eclipsed iodine atom and methyl 
group eclipsed 
HoH 
H CH3 3 
* -— d —- 
«c7 VCH H HI 
I H H3C 
hydrogen atom and methyl 
group eclipsed 


The conformation in which the methyl groups are gauche puts the iodine atom either gauche or anti to 
the methyl group. The conformation with the iodine atom anti to the C4 methyl group is more stable 
than the other because it puts the two largest groups farthest apart. 


CH 

L CH; d HaC, CH, : 

HsCa 7 I CH3 UNO f H3C H 
C—C, — c—c,, _ 
"i p H H H i bs H H f H 
H 
methyl groups gauche methyl groups gauche 
I and CH3 gauche I and CH; anti 


3.14. To calculate AG? for an equilibrium process that interconverts A and B, first determine the value 


of Keg, which is equal to the concentration of B (gauche conformation) over the concentration of A (anti 
conformation). 


Kea = [B]/[A] = [gauche]/[anti] = 11/89 =0.1236 AG? =-2.303RTlogK - —2.303(1.986)(298)1og (0.1236) 
= 1238 cal mol 
= 1.24 kcal mol 


Compare this value (1.24 kcal mol?) with those calculated in Exercise 3.7 to see if these results are 
reasonable (Yes: the -COOH group has a slightly larger AG? value of 1.4 and the ratio is 8:92). 
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3.15. Follow the procedure outlined in the solution to Exercise 3.1. 


a. Propanal (C2-C3 bond). This compound is like propane (Exercise 3.2) except that an aldehyde 
group takes the place of the methyl group. The staggered conformation is the more stable and the 
eclipsed conformation is the least stable. 


‘CHO " H fe à " 
c—c  ————- c—c g ~% -E : 

3 2 ‘a "is H H H 

H H ^ 
most stable conformer 
H 
i fe PO 
ac C,, — 
" x "a +H 

H H H 


least stable conformer 


b. 1-Pentyne (C3-C4 bond). This compound has the same conformations as butane (Figure 3.3) except 
that a methyl group has been replaced by a -C-CH group. The anti conformation is the most stable 
and the syn-periplanar conformation is the least stable. 


2 - 
C=CH Ni La CH CECH 
1 * H H 
4 - 
c—c ——- c—c = Sag, — 
HC HC " H H 
3" 5 3 H 
CH3 
most stable conformer 
HIC. 
B fm TE 
6G. —- 
"i X ^ H WH 
H H H 


least stable conformer 


3.16. Break each name into its constituent parts, and then combine the pieces to form the structure. 


a. cis-1-Bromo-2-methylcyclopentane Br 
cyclopentane five-membered ring of carbon atoms with 
no double or triple bonds 5 : 
1-bromo a bromine atom is attached to and defines C1 2 CH3 
2-methyl a CH3 group is attached at C2 Ai^ 
cis the bromine atom and the methyl group are on the 
same side of the ring plane 
[9] 
b. 22-Difluorocyclohexanone , F 
cyclohex six-membered ring of carbon atoms 6 
an no double or triple bonds , š F 
one ketone functional group; its carbon atom defines C1 F 


2,2-difluoro two F atoms are attached at C2 
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3.16. (continued) 


c. 2-Cyclohexenol E a T 
cyclohex six-membered ring of carbon atoms " 
en one double bond, starts at C2 4 or 
ol alcohol functional group; an OH group is attached 3 


to and defines C1 


d. cis-3-Chlorocyclobutanol 


cyclobut four-membered ring of carbon atoms 
an no double or triple bonds 
ol alcohol functional group; an OH group is attached 
to and defines C1 
3-chloro a Cl atom is attached at C3 el 
cis the chlorine atom and the OH group are on the 


same side of the ring plane 


e. trans-4-tert-Butylcyclohexanecarboxylic acid 


cyclohexane six-membered ring of carbon atoms with 8 , „COOH 
no double or triple bonds 5 
carboxylic acid carboxylic acid functional group; a COOH group O 
is attached to and defines C1 > : 
4-tert-butyl a —C(CHs)3 group is attached at C4 
trans the tert-butyl and COOH groups are on opposite 


sides of the ring plane 


3.17. To evaluate the stereochemical and isomeric relationships that exist for a pair of compounds, 
consider the position of attachment for each substituent, determine the stereochemical relationship of the 
substituents (ds or trans) and then evaluate the conformational relationships (axial, equatorial, 
staggered, gauche, eclipsed, anti, syn-periplanar). If the point of attachment of substituents is different, 
then the compounds are structural isomers. If the stereochemical relationships of substituents differ, 
then the compounds are geometric isomers. If the conformational relationships are different, then the 
substances are conformers. 


a. The attachment points of the substituents are the same (1,2), and their orientations are cis in 


compounds A and B and trans in C. Therefore, A and C and B and C represent sets of geometric 
isomers. A and B are identical. 


cl cl 
1 CH3 
H 
CH; m 
2 1 
A H B H 


1-chloro (axial) 1-chloro (axial) 1-chloro (axial) 
2-methyl (equatorial) 2-methyl (equatorial) 2-methyl (axial) 
cis cis trans 


b. The attachment points of the substituents are the same in each compound (1,2) and there is no 
stereochemistry to consider. Only the conformation of C is different. Therefore, A and B are 
identical and the pairs A & C as well as B & C represent sets of conformers. 
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3.17. (continued) 


H CI CI 
CI H 
cl HH HH H H 
CI A H B c H 
1-chloro 1-chloro 1-chloro 
2-chloro 2-chloro 2-chloro 
eclipsed eclipsed gauche 


c. The attachment points for the substituents are the same in compounds A and C (C1 and C3), but 
compound B has the substituents attached at C1 and C4. Compounds A and C differ in the 
stereochemical relationships of their substituents (A is trans, and C is cis). Therefore, A and B are 
structural isomers and A and C are geometric isomers. If the compounds are isomers, then we do not 
have to consider conformations. 


CH3 B 
1-hydroxy (axial) 1-hydroxy (equatorial) 1-hydroxy (equatorial) 
3-methyl (equatorial) 4-methyl (axial) 3-methyl (equatorial) 
trans cis cis 


3.18. Follow the procedure outlined in Example 3.5. 


a. cis-1-Bromo-3-ethylcyclohexane 


CH,CH3 CH2CH3 CH2CH3 
Br 
O — pt ct = Ronen 
Br H H 


H 


| 


more stable conformer 
b. cis-4-Hydroxycyclohexanecarboxylic acid 


COOH COOH OH 
COOH 
H H — 
e petias = es 
HO more stable 
H conformer H 


c. trans-2-Isopropylcyclohexanol 


OH H 
“CH(CHs)2 (CH3)2CH 


more stable H 
conformer 


| 


d. trans-3-Chloro-1-bromocyclohexane 


2 ,Br Br Br 
Cl 


| 


more stable 
H conformer 
Ho H —> "CA 


Br 
cl cl H 
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3.19. The nitrile group is linear, so it has minimal steric requirements. The 1,3-diaxial interactions are 
therefore slight when a CN group is in the axial position. (Remember that “1,3-diaxial interactions" is a 
relative term referring to the steric repulsion between the substituents that are three carbon atoms apart.) 
A methyl group occupies a larger volume, which leads to greater repulsive interactions with the axial 
hydrogen atoms at C3 and C5. 


1,3-diaxial interactions 1,3-diaxial interactions 


are small A are substantial 


e= X 


H 


3.20. For a cydohexane ring with three substituents, follow the same procedure that was outlined in the 
solution to Exercise 3.18. 


OH C2H5 
a. OH H 
H FN H 
C2H5 — H OH 
C. x more stal 
dis : H CH3 conformer CH3 H 
CH; 
COOH 
b COOH CH3 Br 
H — 
— Br re coon 
Br H H morestable H H ġ 
CH3 conformer 
CH 
c. H 3 H 
Cl.,, CH3 Br 
— CI H — s Eos 
CI 
more stable 
Br H conformer H H 
OH H 
d. OH H - 
» H — Ha 3 
CY H xd H OH 
" 
HaC E OH more stable OH H 
OH CH4 conformer 


3.21. Follow the procedure outlined in the solution to Exercise 3.12. To carry out the conformational 
analysis of a bicyclic compound, consider the typical conformations that exist for each of the different 
rings. A six-membered ring will be in the chair form and atoms in the other ring will be in its equatorial 
positions, if possible. A five-membered ring will be in the open-envelope form, and a four-membered 
ring has a creased-square shape. Bridged bicyclic compounds with three bridges will most likely be 
locked into conformations based on the overall shape of the molecule. Numbering of the carbon skeleton 
is only induded in the structures having substituent groups (to show their placements). 


a. Spiro[3.5]nonane 


nonane 9 carbon atoms OX 
spiro the shared atom is bridged by chains with 


3 and 5 carbon atoms 
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3.21. (continued) 


b. trans-Bicyclo[3.3.0]octane 


octane 8 carbon atoms H i 
bicyclo the bridgehead carbon atoms are linked ae 

by two chains with 3 carbon atoms each = 
trans the hydrogen atoms at the ring junction will Y H 


be on opposite sides of the ring plane 


c. Spiro[2.4]heptane 


heptane 7 carbon atoms [X ] 
spiro the shared atom is bridged by chains with 


2 and 4 carbon atoms 


" 7 8s H | Br 
d. trans-2,2-Dibromobicyclo[4.4.0]decane $ 
decane 10 carbon atoms i. Br 
bicyclo[4.4.0] the bridgehead carbon atoms are linked 6 E 3 
by two chains with 4 carbon atoms each SH S 
trans the hydrogen atoms at the ring junction will H Br 
be on opposite sides of the ring plane 
2,2-dibromo two bromine atoms are attached at C2 py Br 
(see Section 3.4a for the numbering scheme) ü 
e. 2-Methylspiro[3.3]heptane 6 1 


heptane 7 carbon atoms 5 OOo 
spiro[3.3] the shared atom is bridged by chains with , 


3 carbon atoms each 
2-methyl a methyl group is attached at C2 (numbering H 

starts adjacent to the spiro carbon atom, 

which cannot bear a substituent) CH; 


f. Bicyclo[4.3.1]decane 

decane 10 carbon atoms 

bicyclo[4.3.1] the bridgehead carbon atoms are linked by ey dins 

three chains with 1, 3, and 4 carbon atoms 

3.22. The process for drawing the isomers and conformers of a four-membered ring is not much 
different than that used for cyclohexane derivatives. Attach the substituents at the appropriate carbon 
atoms so that each combination of cis and trans geometries 
is formed. Then perform a ring flip. Conformers with a 
greater number of equatorial substituents are expected to 
be more stable (see the structure at the right to see how to axial 


locate the axial and equatorial substituents). | equatorial 
The structures of the dimethylcyclobutane isomers 


are shown following: 
CH; CH3 
no other 
Ch. a conformations 


1,1-Dimethylcyclobutane 
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3.22. (continued) 


cis-1,2-Dimethylcyclobutane 


CH3 CH3 CH3 
CH 
dio AY 3 
CH3 H equal stabilities H H 
trans-1,2-Dimethylcyclobutane 
CH3 CH3 H 
d^ aA = Aw 
*%, H3C 
CH; CH3 , H 
more stable conformer 
cis-1,3-Dimethylcyclobutane 
CH3 CH3 CH3 
——= he CH3 
H H 
HC H H 
more stable conformer 
trans-1,3-Dimethylcyclobutane 
CH3 H CH3 
H CH3 
] 3C H —— 
HC" equal stabilities CH3 H 


3.23. Fora bridged bicyclic hydrocarbon, the root name reflects the total number of carbon atoms in the 
parent structure (the first step is to erase the methyl and isopropyl substituents from the structures 


presented in this exercise). 


Next, add the prefix bicyclo- Within the brackets, list in decreasing 


numerical values the numbers of carbon atoms needed to link the two bridgehead carbon atoms 
(indicated by the colored dots in the structures shown below). 


AR, oc 


Bicyclo[2.2.1]heptane 


Bicyclo[3.1.1]heptane 


(Key: € - bridgehead carbon atom) 
1 
1 


Bicyclo[4.1.0]heptane Bicyclo[3.1.0]hexane 


Isoprene is 2-methyl-1,3-butadiene. 


2-Methyl-1,3-butadiene H3C. 2 7 CH? 
buta 4 carbon atoms T 
diene two double bonds, starting at Cl and C3 C 
77s 
2-methyl a CH3 group is attached at C2 H 3 era 
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3.24. Follow the process illustrated in the solution to Exercise 3.20. 


CH; H 
CH3 
Menthol OH — 
» H è —— 3)2 
H i! HO CH3 
z OH ü 
"Pw H H 


CH(CH3); more stable conformer 


3.25. In the boat conformation of cyclohexane, there are two 
types of carbon atoms: the four in the plane and the two out of 
the plane. Four unique conformations can be created by placing 
a substituent in the axial or equatorial position of each of the two 
unique carbon atom environments (the possible positions are 
numbered in the structure shown at the right). 

The unfavorable interactions that exist in each conformer are indicated below each structure and 
the problematic bonds are shown in color. Only one conformer lacks unfavorable interactions between 


the methyl group and bonds in the ring, and this conformer is the most stable (top right, below). 


CH3 H CH3 CH3 H 
H H H H3C most stable 
conformer 


flagpole gauche gauche 
H H H H3C 
D 
H 
H3C H H3C H3C H 
eclipsed 1,3-diaxial gauche gauche 


3.26. Like decalin, the trans isomer of hydrindane has only a single conformation. The cis isomer can 
undergo a ring flip, and the two conformations have equal energies because the five-membered ring is 
attached in both axial and equatorial positions to the six-membered ring. 


trans-Hydrindane ü cis-Hydrindane 
H = 
D 
H H H 


3.27. trans-Decalin has no gauche interaction besides the ones already present within each six-membered 
rings. cis-Decalin, in contrast, has three gauche interactions between bonds that lie in separate rings. Two 
sets of 1,3-diaxial interactions also exist between the carbon-carbon bonds in one ring and two of the 
hydrogen atoms attached to the other ring, as shown below. All of these steric interactions that exist in 
the cis isomer make it less stable than trans-decalin. 


AURA ACR 


gauche interactions between bonds in adjacent rings 1,3-diaxial interactions between the rings 
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3.28. The most stable conformation of a cyclohexane derivative is the chair form with the larger groups 
in equatorial positions. Because a methyl group is larger than a carboxylic acid group, as indicated by 
the greater value of AG? given in Table 3.2, the methyl groups occupy the equatorial positions in Kemp's 
triacid. 


COOH COOH 
COOH 
HsC CH; 


H3C 


3.29. The most stable conformation of a cyclohexane derivative is the chair form in which groups larger 
than hydrogen atoms occupy the equatorial positions. The most stable isomer of inositol is expected to 
have all six OH groups in the equatorial positions (shown in color in the following structure). 
H H 
H OH 


Solutions to Exercises for CHAPTER 4 


THE STEREOCHEMISTRY OF ORGANIC MOLECULES 


4.1. To interpret a compound's name when stereochemical descriptors are present, first draw the 
structural formula using the procedures outlined in Chapter 1. For alkenes, the prefix cis or trans 
indicates that the double bond is disubstituted: cis means that the hydrogen atoms are on the same side 
of the line connecting the double-bonded carbon atoms, and trans means they are on opposite sides of the 
C=C bond. 


a. cis-3-Octene 
4 2 5 4 T 8 


oct eight carbon atoms H4C- CH; CH;CH;CH;CH; 
ene carbon-carbon double bond starting at C3 m / 
; š C=C 
cis the hydrogen atoms are on the same side /3 4\ 
of the C-C bond H H 
b. trans-1,1-Dichloro-2-pentene 1 
pent five carbon atoms H CHCI? 
ene carbon-carbon double bond starting at C2 pd 
1,1-dichloro two Cl atoms at Cl 5 4/ X 
trans the hydrogen atoms are on opposite sides H3C— CH2 H 
of the C=C bond 
c. trans-2-Hexenal 
hex six carbon atoms cu eu n ü 
en carbon-carbon double bond starting at C2 See a / 
al aldehyde; its carbon atom defines C1 ERR 
trans the hydrogen atoms are on opposite sides H , CHO 
of the C=C bond 


42. The stereochemical classification of an alkene double bond is made as follows: for the pair of 
substituents at each end of the double bond, one is assigned a higher priority ranking based on the 
atomic number of the atom (or atoms) that constitute the substituent. In the answers given below, the 
group that has the higher priority or the portion that gives a substituent its higher priority is shown in 
color. Functional groups that have multiple bonds are first converted to their single bond equivalents 
(Figure 4.2). 

When the higher priority groups at the different ends of the double bond are on the same side of 
the line connecting the double-bonded carbon atoms, the prefix (Z) is used; when the higher priority 
groups at the ends of the double bond are on opposite sides of the C=C bond, then the stereochemistry of 
the double bond is designated (E). When identical groups are attached to the carbon atom at one or both 
ends of the double bond, then the alkene does not exist in isomeric forms. 

Follow the procedures outlined in Examples 4.1 and 4.2 in the text. (AN = atomic number). 
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42. (continued) 


eei in 
cl CH G LH cl CH 
\ P / X 2 
H c=c 


carbon has the ——3» 


/ ss X higher priority / \ 
H CH2CH3 C H H CH;CH; 
C ul H CHH 
AN =1 (E)-1-Chloro-2-methyl-1-butene 
AN-6 
b. 
< AN - 6 ^" =6 
H, H, H 
H3C CHO C H3C CHO 
\ / ( \ \ / 
c= =C —» H c= carbon has the —— C=C 
\ H 7 higher priority y \ 
H3CH2C N(CH3)2 C H3CH;C N(CH3); 


T 


C,H, H (Z)-2-Dimethylamino-3- 
methyl-2-pentenal 


Cid d 


AN =7 


bromine has the 


H3C 

\ 
Co —- 
/ higher priorit 
BrH,C gher priority 

"à Br, H, H H3C CH3 

AN=6 DW 
C=C 


AN=6 BrH;C COOH 


(Z)-4-Bromo-2,3-dimethyl- 


Crs F 2-butenoic acid 
—_ oxygen has the 
\ higher priority 
COOH Y. 
1 AN-6 


43. To interpret a compound's name when stereochemical descriptors are present, first draw the 
structural formula using the procedures outlined in Chapter 1. A prefix of (E) or (Z) denotes that the 
Cahn-Ingold-Prelog system is being used to specify the double-bond stereochemistry according to which 
sides have the higher priority groups attached, as shown in the solution to Exercise 4.2. 


a. (Z)-3-Heptene 12 5 6 7 
hept seven carbon atoms Ha3C- CH5 CH2CH2CH3 
ene carbon-carbon double bond starting at C3 Vee / 

(Z) the higher priority groups at the ends of the "i =S A. 


1 bond are on the same side of the C=C bond 
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4.3. (continued) 


b. (Z)-3-Methoxy-2-octenal 


oct eight carbon atoms 1 
en carbon-carbon double bond starting at C2 H3CO CHO 
al aldehyde; its carbon atom defines C1 —À JAN 

: 4 
3-methoxy the = group is attached at C3 CH3CH;CH;CH;— CH; H 
(Z) the higher priority groups at the ends of the 


x bond are on the same side of the C=C bond 


c. (D-L3-Dichloro-2-methyl-2-hexene 


hex six carbon atoms ay 3 2 ^ ain 
ene carbon-carbon double bond starting at C2 C=C 
2-methyl the CH3 group is attached at C2 2 m E X 4 j^ ëi 
1,3-dichloro two chlorine atoms, one at C1 and one at C3 iE : 2 


(E) the higher priority groups at the ends of the 
T bond are on opposite sides of the C=C bond 


d. (E)-3,4-Dibromo-3-heptene 


hept seven carbon atoms m » * B- L e 

ene carbon-carbon double bond starting at C3 ge ? 

34-dibromo two bromine atoms, one at C3 and one at C4 i = TT 
(E) the higher priority groups at the ends of the Br CH CH, 


T bond are on opposite sides of the C=C bond 


44. To evaluate whether compounds are identical or stereoisomers, make a model of the first 
compound, and then see if it superimposes on a model of the second. If they are superimposable, then 
the molecules are identical. Only the molecules in (c.) are stereoisomers. 


a. 
HC, Cl Cl dimi 
Flip over OAIB DOM e molecule TE Pun hee ih 
————— 
clockwise clockwise 60° 
b. = 
/7^ 
H3C CH CH hold methyl group H3C H CH3 CH3 
Jy 2am in place b rotate molecule ! f 
———— ti, M 
/ NH rotate around bond / p cH, clockwise 60° H^ \ H HAH 
" H ARS CHCH; CHCH 
identical 
c cis trans 
CH 
He X T GB ie ^x 17" 
c" ot. c mm 
jf Do Ch Joa hb 


4.5. To draw the enantiomer of a compound, first make certain that it is chiral (not superimposable on 
its mirror image). Then change the configuration of every stereogenic center by switching any two of the 
substituents attached to each chiral center. 
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4.5. (continued) 
iğ CH3 . CH3 
I Switch two groups | 
Cr, Ci, 
i X ‘'CH2CH2CH3 (propyl and butyl) H^ \ 'CH3CH5CH5CHs 
CH3CH;CH;CH3 CH2CH2CH3 
b H H 
switch two groups 
: ! 
a’ SM 
HC / “sr (chlorine and bromine) H3C / Nel 
CI Br 
č OH H 
| switch two groups | 
PART EI IE ICI ^on 
H3C (H and OH) H3C \ 
COOH COOH 


4.6. To convert the structure of a D compound to its L isomer, interchange any two groups on each 
asymmetric carbon atom. In glyceraldehyde there is only one stereogenic center, so switching two 
groups (H and OH, below) produces the enantiomeric structure. 


CHO CHO 
| switch two groups E 
wc e 
HOCH?" / oH (H and OH) HOCH2™/ œH 
H HO 
D-Glyceraldehyde L-Glyceraldehyde 


4.7. The stereochemical classification of a stereogenic center is made by first assigning a priority 
ranking to each substituent based on its atomic number. (Functional groups with multiple bonds are first 
converted to their single bond equivalents according to Figure 4.2.) Then follow the procedures outlined 
in Examples 4.3 and 4.4. 


a. H H 
l switch two groups (S) l 
CH; \ ‘Cl (chlorine and hydrogen) CH N CI 
CHO (Inverts configuration) CHO 


b. CN 
| Switch two groups 
—— 
CH A OHRNH; (H and CH9NH;) 
3 H (Inverts configuration) 


48. To draw the structure of a chiral molecule, first draw its structural formula (ignoring stereo- 
chemistry) using the procedures outlined in Chapter 1. Then use the Cahn-Ingold-Prelog system to 
designate a priority for each substituent attached to any carbon atom with four different groups. If the 
carbon atom has an attached hydrogen atom, include it in the structure so that it points away from you, 
then assign the configuration, R or S. If that configuration is incorrect, simply exchange any two groups, 
which inverts the configuration. 


CHAPTER 4 / THE STEREOCHEMISTRY OF ORGANIC MOLECULES 61 


4.8. (continued) 


a. (R)-2-Bromopentanoic acid 


pent five carbon atoms 
an no double or triple bonds 
oic acid carboxylic acid; the carbon atom of the COOH group defines C1 
2-bromo bromine atom at C2 
Br Show 3 dimensions; Br 4 
H2 3 | place H toward back " 

8 C. $ CH ee Cus R) (CORRECT 

HC 4 c^ "coop  8ssign configuration CH34CH;CH; (R) ( ) 
H> 1 3 OOH 


b. (S)-3-Hexanol 


hex six carbon atoms 
an no double or triple bonds 
ol alcohol; an OH group is attached at C3 
oH! 
H OH Show 3 dimensions; 
place H toward back | 4 
"— D 
1 3 5 assign configuration CH3CH7 N 
2 4 6 3 
2 
(R) (INCORRECT) (S) (CORRECT) 
c. (R)-3-Chloro-2-butanone 
but four carbon atoms 
an no double or triple bonds 
2- one ketone; the carbonyl group is at C2 
3-chloro a Cl atom is attached at C3 
H CI Show 3 dimensions; 
" V "Wo place H toward back 
3 — ——— CORRECT 
HC a d 1 assign configuration (R) ( ) 
[9] 


4.9. To assign the absolute configuration of a stereogenic carbon atom in a ring, break the ring at the 
bond or atom directly opposite the stereogenic center, and then assign priorities to each substituent of the 
chiral carbon atom. Follow the procedures shown in Example 4.6. 


a. CH3 2 3CH; 3 

1. Break the ring 

tte ‘H 3 
2. assign priorities 


o. 
ai 
N 
I 
3 
i 


62 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


4.9. (continued) 


' 
H H 4 H ' 
1. Break the ring P d 3. 7 : H 
ME — Cel — C4 ' "Ol 
2. assign priorities 1 i A 
| H3C 
- CH3 
2 (R) as drawn, but the priority 
4 group is coming forward, so 
the actual configuration is (S). 
4.10. Follow the procedure outlined in the solution to Exercise 4.7. 
a. 2 l 
= LI m» 
(oe 90 (R) as drawn, but the priority 4 i CRUISE 
1 nis group is coming forward, sothe — ! (S) uf. 
Ce He \ CH2CH3 actual configuration is (S). H CH X CH;CH5 
Hs i H3 
p= L 
b R 3 CH2CH3 i 
" 4 E Switch two groups l H T (S) 
ta ti ' ti 
ACLS 2.2._———_—_—_—_—_— PAZ DOT Z'N CHCH 
CcHs N 2703 (ethyl and unshared 2 CeHs | Ce Hz \ 23 
CF5 electron pair) CF5 [ CeFs5 
1 1 r 
c 2 ' 
N CeHs H NSOC&H5 
| (S) as drawn, but the priority 4 1 
3 Sn. m group is coming forward, so the H (R) EAn 
CcH d lo) actual configuration is (R). ! C Hs \ o 
4 CH3 i CH3 


411. The total number of stereoisomers that exist for a compound without symmetry is 2", where n is 
the total number of stereogenic centers. The compound in this Exercise has two potentially stereogenic 
centers, so a maximum of 4 stereoisomers can exist. All four stereoisomers are unique because there is no 
symmetry. The first step is to draw all of the isomers. Then, compare the configurations of the 
stereogenic centers in any two isomers [you can make the assignments of (R) and (S) if necessary]. Pairs 
of compounds in which the configurations of all of the chiral centers are inverted relative to the other are 
enantiomers. If fewer than all of the configurations have changed, then the compounds are 
diastereomers. 


HO Br H H H Br HO H 
H2 uH HOw Se Br HOW eH Ho Br 
1/ (S) (S)\4 J (R) (R)\ J) (SN /9 (FN 
HOOC COOH HOOC COOH HOOC COOH HOOC COOH 
I II HI IV 
Enantiomers: I and II Ill and IV 


Diasteromers: I and III II and III IandIV  IlandIV 
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4.12. To decide whether a compound can have meso forms, you first interpret the name and draw all of 
the possible stereoisomers. If the molecule has an internal mirror plane (as shown by a dashed colored 
line in the structures below), it is a meso compound. Compounds (a.) and (b.) exist only in three 
stereoisomeric forms because one isomer is a meso compound. 


a. 24-Dichloropentane 
pent five carbon atoms 
ane no double or triple bonds 
2,4-dichloro two Cl atoms, one at C2 and one at C4 


' 
a dnd (SA (R) (S) ^. (S) bad 
' - - 
' z = 
cil cli Cl c d & CQ 
mirror  —— 
enantiomers 


b. 13-Dimethylcyclohexane 
cyclohexane six-membered ring with no double or triple bonds 
1,3-dimethyl CH3 groups, one at C1 and one at C3 


CH3 (pes "EZ 
^u f eo} 
CH3 o CH3 
a 
c. 2,3-Dibromopentane 
pent five carbon atoms 
ane no double or triple bonds 


2,3-dibromo two Br atoms, one at C2 and one at C3 


Br Br Br Br Br 
5 1 : = 
AM a S © Bora ^ © 
Br Br Br Br Br 
 ———  ——— 
enantiomers enantiomers 


4.13. To assign the absolute configurations of atoms in a Fischer projection, first convert the Fischer 
form to a perspective representation by drawing filled wedges to indicate that the groups attached via 
the horizontal bonds are in front of the plane of the page and dashed wedges to show the substituents 
attached via the vertical bonds are behind the plane of the page. Then assign the configurations 
according to the procedure outlined in the solution to Exercise 4.7. 


COOH COOH 
4 (S) as drawn, but the priority 4 H 
— > group is coming forward, so 
the actual configuration is (R). Br 
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4.13. (continued) 


(S) as drawn, but the priority 4 
group is coming forward, so 
the actual configuration is (R). 


TH 


(S) as drawn, but the priority 4 
group is coming forward, so 
the actual configuration is (R). 


414  Foreach name, first generate a structural formula according to the procedures outlined in Chapter 
1, but ignore the stereochemical descriptor if given. Then consider how the stereochemistry should be 
indicated based on the structural characteristics. If the prefix that is given is different from the one 
needed, then modify the name appropriately. If no prefix is present, draw the structures with all of the 
possible prefixes. 


a. trans-2-Chloro-3-methyl-2-pentene 5 4 1 5 4 
pent five carbon atoms CH3CH2 CH3 CH3CH2 CI 
ene double bond, starting at C2 pa: pa. 
2-chloro Cl atom, attached at C2 / \ / X 
3-methyl CH3 group, attached at C3 HsC 2 HC - Min 
trans (ignore to begin) (E) (2) 


The stereochemistry of a trisubstituted double bond must be designated using the prefixes (E) or 
(Z), not cis or trans. 


b. 3,4-Dimethylcyclohexene 
cyclohex six-membered ring of carbon atoms 
ene double bond, starting at and defining C1 4 2 
3,4-dimethyl two CH groups, one at C3 and one at C4 


The substituents attached to a ring can be either above or 

below the ring plane. If they are on the same side, the L 1 
name should have the prefix "cis-" and if they are on 4 4 
opposite sides, the name should have the prefix “trans-.” H3C H3C* 

[You could also specify the stereochemistry of the chiral CH3 CH3 
carbon atoms in this molecule, as in (c.) directly below.] cis trans 


c. 3-Methylcyclopentene 
cyclopent five-membered ring of carbon atoms 2 H 


ene double bond, starting at and defining C1 1 Chen 
3-methyl a CH3 group, attached at C3 " 


A carbon atom with four different substituents is chiral, so $ S F 
^n 
the stereochemical descriptor (S) or (R) should appear as a 3"CHs 3 'CHs 


prefix to the name. 
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4.14. (continued) 


d. 3-Hexene 
hex six carbon atoms Br. 
ene double bond, starting at C3 2 4 6 2 
P p POPES PE 
The stereochemistry of a disubstituted k * " k 3 
double bond must be designated using a aa ah 
prefix: either cis, trans, (E), or (Z). (E) (2) 


4.15. To interpret a compound’s name when stereochemical descriptors are given, first draw the 
structural formula using the procedures outlined in Chapter 1. Then consider which geometric isomers 
can be generated by switching substituents at each end of the double bond(s). Finally, use the Cahn- 
Ingold-Prelog system to designate the stereochemistry of any double bond for which a stereochemical 
descriptor is valid. (When identical groups are attached to the carbon atom at one or both ends of the 
double bond, then the alkene does not exist in isomeric forms.) 


a. 1,3-pentadiene 


penta five carbon atoms 2 4 |» 
diene two double bond, one starting at C1 and P dia ins Z P 
one at C3: the double bond at C1 does 1 * » 1 3 
not have isomeric forms because C1 (E)-1,3-Pentadiene (Z)-1,3-Pentadiene 


has two H atoms attached. 


b. 3-methyl-2,4-hexadiene 
hexa six carbon atoms 
diene two double bond, one starting at C2 and one at C4: both exist in isomeric forms 
3-methyl CHs group attached at C3 


2 4 6 2 4 i 4 6 i 4 
Ne EN Ne iii 22 EN 23 The 
1 5 1 5 
6 6 
(2E, 4E)-3-Methyl-2,4-hexadiene (2E, 4Z)- (2Z, 4E)- (2Z, 4Z)- 


c. 2,3-dimethyl-2-butene 


but four carbon atoms 
ene double bond, starting at C2; this double n 2 3 " 
bond does not have isomeric forms 
2,3-dimethyl two CH3 groups, one at C2 and one at C3 
d. 3-ethyl-4-octene 
oct eight carbon atoms 
ene double bond, starting at C4; this double bond can exist in isomeric forms 
3-ethyl an ethyl group, attached at C3 
2 4 6 8 2 4 
ANS T 
1 5 7 1 
6 ¥ 8 


(E)-3-Ethyl-4-octene (Z)-3-Ethyl-4-octene 
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4.16. Follow the procedure given in the solution to Exercise 4.3. 


a. (Z)-3-Bromo-2-hexene 


hex six carbon atoms Br 

ene carbon-carbon double bond starting at C2 1 ak à a g 
3-bromo a Br atom is attached at C3 3 

(Z) the higher priority groups at the ends of the 


1 bond are on the same side of the C=C bond 


b. (3Z,6E)-1,3,6-Octatriene 


octa eight carbon atoms / d 
triene three carbon-carbon double bonds, T * 
starting at C1, C3, and C6 — s 
(3Z) the higher priority groups at the ends of the t bond dis 
that starts at C3 are on the same side of the C-C bond 
(6E) the higher priority groups at the ends of the x bond 


c. (Z)-1-Methylcyclononene 


cyclonon nine-membered ring of carbon atoms 

ene carbon-carbon double bond starting at C1 
1-methyl a CHs group is attached at C1 

(Z) the higher priority groups at the ends of the 


d. (E)2-Methoxy-2-pentene 


pent five carbon atoms 
ene carbon-carbon double bond starting at C2 
2-methoxy an -OCH;3 group is attached at C2 


(E) 


that starts at C6 are on opposite sides of the C-C bond 


x bond are on the same side of the C=C bond 


the higher priority groups at the ends of the 
T bond are on opposite sides of the C=C bond 


4.17. Follow the procedure outlined in the solution to Exercise 4.2. 


a: b. c. d. 
H3C CH3 H CH3 ^ CcHs CH3 H3C COOH 
f \ 
C—C Cc—C same C=C C=C 
\ E / 
H Br Br CH3 H3C CH; H CHOCH; 
(E) neither (E) (Z) 


4.18. To evaluate whether two compounds are conformers, isomers, or identical, follow the scheme 
shown in Figure 4.12. If necessary, make a model of the first compound, and then see if it superimposes 
on a model of the second. If they are superimposable, then the molecules are identical. If you first have 
to rotate around sigma bonds to make the two substances superimposable, then they are conformers. If 
the connectivities of the bonds differ, then the compounds are isomers. Assigning (R), (S), (E), or (Z) will 


help you to evaluate whether the stereochemistry is different for the two compounds being compared. 
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4.18. (continued) 


a H CI 


y — COOH Identical 
„COOH 74 
Hs) Cl 


b OH 
es trans Ll M CH3 cis ^ Diastereomers 
CH3 HO 
c. H 
SANT (R) (R) 
CH * - 12-trans Identical 
ZR | We 
5 (R) NC tBu 
B 
d H CHO h 
H c 
cA cn, pes Identical 
H Br 
CHO (g © 
e cl cl nh 
H, chem oen 
H ^ O (S) CI “Ny "Cu Diastereomers 
Mo "E 
3 (S 
f H cl eu 
- H3C H (S 
HC. € wo m (S (R) ie me Enantiomers 
A CH3 Sasa | c 
H cl OH 
CH3 (R) 
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4.19. The priority of a group in the Cahn-Ingold-Prelog system is related to the atomic number of the 
atom through which the group is attached. If that atom is the same for two different groups, atomic 


numbers of the elements in the next shell are compared. A higher atomic number for any one of those 
atoms gives the entire group a higher priority. Functional groups that have multiple bonds are first 
converted to their single bond equivalents (Figure 4.2) before comparing the shells of atoms beyond the 


initial point of attachment. 


a -CI > -OCH3 > -NH; > -H 
b. -OCHs; > -COOH > -CN > -CH2CH3 
C. -Br > -OH > -CHO > —CH35CH3 


d. -COOCH > -CN > -CsCH > -CH3 


68 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


420. Follow the procedure outlined in the solution to Exercise 4.15. 


hat A. 
has 


a. 2-Heptene 
hept seven carbon atoms 
ene double bond, starting at C2 1 ji 3 p : 
ANS SUITS 
5 7 


The stereochemistry of a disubstituted — 
double bond can exist as (E) and (Z) (or reaper dti 
cis and trans) isomers. 


b. 1-Chlorocyclobutene 
cyclobut — four-membered ring of carbon atoms 
ene double bond, starting at and defining C1 
1-chloro a chlorine atom, attached at C1 


5 


cis-2-Heptene or 
(Z)-2-Heptene 


CI 


ul 


The stereochemistry of a double bond in a ring with seven or fewer atoms can only be cis with 


respect to the ring carbon atoms so a descriptor is not needed. 


c. 1,3-Butadiene 
buta four carbon atoms 


diene two double bonds, one starting at C1 and one at C3 


A double bond with two identical groups attached to a carbon atom at 
one or both ends does not exist in isomeric forms. 


d. 3,4-dimethyl-3-hexene 


hex six carbon atoms 

ene double bond, starting at C3 

3,4-dimethyl two CH3 groups, one attached 
at C3 and the other at C4 


(E)-3,4-Dimethyl-3-hexene  (Z)-3,4-Dimethyl-3-hexene 


The stereochemistry of a tetrasubstituted double 
bond can exist as (E) and (Z) isomers. 


e. 3-phenyl-2-pentene 


pent five carbon atoms 4 á 2 
ene double bond, starting at C2 ee 
3-phenyl a phenyl group, attached at C3 


CeHs 


The stereochemistry of a trisubstituted double (Z)-3-Phenyl-2-pentene 


bond can exist as (E) and (Z) isomers. 


1 


372 


4 


CeHs 


(E)-3-Phenyl-2-pentene 


4.21. Follow the procedure outlined in the solution to Exercise 4.2. 


ca b. c. d. 
m pee P. FA m -—— re 
c=c aoe = "E 
/ Aw CX COH 
H COOH H iio 
(E) 2 - 


These two groups are the same 
at this end of the double bond. 


7 
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422. An object is chiral if it is not superimposable on its mirror image. Often, an item that cannot be 
used in the same way by right- and left-handed persons is chiral. 


a. agolf club chiral b. a pair of scissors chiral 
c. abaseball glove chiral d. acorkscrew chiral 
e. atelephone chiral f. apencil achiral 
g- a basketball achiral h. ahammer achiral 
i. a spiral staircase chiral 


4.23. The prefix “trans” is not valid for this molecule 


because the double bond is trisubstituted. The name Tiglic aldeh 
-2-methyl-2-butenal Z iii 
should be (E-2-methy, P H CH3 (E)2-Methyl-2-butenal 


4.24. The prefix "cis" is not valid for this molecule 
because the double bond is trisubstituted. The name 


should be (Z)-aconitate. HS ng o0- (Z)-Aconitate 


4.25. Follow the procedure outlined in the solution to Exercise 4.7. 


L 
a. | H3C H 
(S) as drawn, but the priority 4 | N (R) S CgHs 
group is coming forward, so i „C—C 
the actual configuration is (R) ! CI / (RN 
' CI 
b. i 
CH3CHs 4 ! CH3CH2 
2 as m 
Sr m ' (Res 
("cH | Ncu 
Br 3 i Br 3 
L 
2 1 
, CcHs . CH 2 4 S-R i CeHs5 
\ CH switch two groups ja D H (C we 
i e v 1 ^ 
47 SoH (methyl and deuterium) 3/ Non i Nou 
D 1 (Inverts configuration) H3C D 
L 
4 qq cu H, Chs 
N 3 (S) as drawn, but the priority 4 i E 
1 ey} group is coming forward, so ' Rc. 
es. the actual configuration is (R) 1 Gs 
HO 772 "tcu | HO XcH 


4.26. Follow the procedure outlined in the solution to Exercise 4.8. For compounds that are referred to 
by the relative stereochemical relationship of the chiral centers (parts b. and d. below), make certain that 
the configurations meet the indicated criteria. For a meso compound, the chiral carbon atoms should 
have opposite configurations; an optically active isomer will have a preponderance of a particular 
configuration. 
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4.26. (continued) 


a. (3SAS)-4-MethyI-3-hexanol 


hex six carbon atoms 
an no double or triple bonds 
ol alcohol functional group; the OH group is attached at C3 
4-methyl a CH3 group, attached at C4 
For C3: (R) (INCORRECT) 


Switch two groups 


1. Show 3 dimensions (H and OH) 
2. place H atoms 
E PH $ toward the back " 2 a 
4 6 A s ; S (S) 
1 3 3. assign configurations Switch two groups (Sx 
2 - 
H and CH ^ 
H CH, T nami H CH 
For C4: 


2 (3S,4S)-4-Methyl-3-hexanol 


4H CH33 


(R) (INCORRECT) 


b. an optically active isomer of 1,2-dimethylcyclopentane 


cyclopentane six-membered ring of carbon atoms with no double or triple bonds 
1,2-dimethyl two CH; groups, attached at C1 and C2 


1 -CH3 H CH3 switch two groups HC H 
add H atoms Y on one of the carbon atoms Y 
——— e-f- mirror plane | ——— ——————————————» 
C at the back cr (H and CH3) A (S) 
CH = CH z 
3 H 3 H CH3 
meso (not optically active) (1S,2S)-1,2-Dimethyicyclopentane 
(optically active) 
c. (1R, 3S)-3-Methylcyclohexanol 
cyclohex six-membered ring of carbon atoms 
an no double or triple bonds 
ol alcohol functional group; the OH group is attached at and defines C1 
3-methyl a CH3 group, attached at C3 
For C1: 


1. Show 3 dimensions 
2. place H atoms 
toward the back 


. assign configurations 


For C3: 
(1R, 3S)-3-Methylcyclohexanol 
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4.26. (continued) 


d. the meso isomer of 1,3-Dichlorocyclopentane 
cyclopentane six-membered ring of carbon atoms with no double or triple bonds 
1,3-dichloro two Cl atoms, attached at C1 and C3 


CI 
1 
add H atoms 
——————»- nn 
2 at the back 
3 
[e] 


meso-1,3-Dichlorocyclopentane 


427. Ifa molecule has no symmetry, then the total number of stereoisomers is 2", where n is the total 
number of stereogenic centers (or double bonds that can exist as (E) and (Z) isomers). It is best to expand 
the structure so that the carbon atoms with four different groups can be identified readily. If the 
compound has a mirror plane, then one isomer will be meso. The enantiomeric pairs are identified below. 
All other relationships represent pairs of diastereomers. 


a: (1S.2R) (1S,2S) (1R,2R) (1R,2S) 
HO OH HO H H OH H H 
% f ae , y NV / 
„C—C, AC C,,, 3 AC C,,, 3 AC C,,, 3 
CH; / 1 2\ ‘CH; Cg Hs" /' 2W CH3 CgHs8" 7" 2\ ‘CH3 CeHs" /" zi ‘CH3 
H H H OH HO H HO OH 
| — enantiomers — | 
enantiomers 
b. (2S,3S) (2R,3S) (2S,3R) (2R,3R) 
cl CI CI H H cl H H 
X 4 LN À LN A NO 
4 \wC—G, 1 4 \wC—C,, 1 4 „C—C, 1 4 ,C—O,, 1 
H3C" y 3 "X 'CHCl; HaC" / 3 "x 'CHCl; H3C™ / 3 2\ 'CHCl; — HaC" / 3 eN “CHCl, 
H H H CI cl H cl CI 
| Á-— enantiomers — | 
enantiomers 
& meso (1S,2S) (1R,2R) 
HO | OH HO H H OH 
' N / \ fi 
cd i NCH Cee V1 ACH, Ce f AUCH 
Hs / \ 'esHs eH" / X eHs eHs / \ eeHs 
H ! H H OH HO H 


= enantiomers — 


d. (1R2S) (1S,2S) (1R,2R) (1S,2R) 
CI OH cl H H OH H H 
N / " vA N 7 N / 
3 ACC, 3 weo—C,,, 3 w0e0—C,,, 3 QOc—C,, 
HC" f? — 'N "'CeHs HC" f? a ‘CeHs  H3C` / 20 1\'CeHs HC 7" S “CeHs 
H H H OH cl H cl OH 


| = enantiomers m | 
enantiomers 
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428. Follow the procedure outlined in the solution to Exercise 4.9. 
H E x 
/, NET d (S) as drawn, but the priority 4 
C,, 3 C3 group is coming forward, so the 
te actual configuration is (R). 


b. COOH 


3 
1. Break the ring e H4 
——————— 
2. assign priorities DPD 
2 


1 
Cc (S) as drawn, but the priority 4 
4 group is coming forward, so the 
| actual configuration is (R). 
3 


Dad 
rie 


1. Break the ring 


2. assign priorities 


[e] mx 
als 
[^] 


2 H 
d. 
3 " i 
1 [9] 
1. Break the ring i i 
pue dd 4. | 
2. assign priorities [ox 1 H 1 ! 
H CH=CH, if | l (R) 
4 (S) as drawn, but the priority 4 | T, 
group is coming forward, so the | H CH=CH, 

I 
I 


actual configuration is (R). 


4.29. Looking at the structures of the isomeric alcohols that were drawn as the solutions to Exercise 
1.28, identify the ones with a carbon atom having four different groups. Then draw a dimensional 
formula and assign the configuration of the chiral carbon atom. Switching any two groups attached to 
the stereogenic center generates the compound with the opposite configuration. 
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4.29. (continued) 


PF" fits fits 
CHsCHaCHa Ge CHsCH2-Cy,,., (CHslo CH" Coy 
OH CH2;OH OH 
(R)-2-Pentanol (R)-2-Methylbutanol (R)-3-Methyl-2-butanol 
CH CH CH 
CH3CH2CH c ° CH4CH d CH3);CH c ' 
BCH2CH27 C0.. OH sCH27 Qu CH OH (CH3)2 "OH 
H H H 
(S)-2-Pentanol (S)-2-Methylbutanol (S)-3-Methyl-2-butanol 
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4.30. To convert a dimensional structure to a Fischer projection, orient the molecule so that the groups 
at the top and bottom of the asymmetric carbon atom recede behind the plane of the paper and those on 
the horizontal bonds are in front of the paper plane. The longest carbon chain should run from top to 
bottom in a Fischer projection, so if necessary, switch three groups on the chiral center (as shown in 


Figure 4.10) to create that orientation. Use a model if necessary to get the proper orientation. 


a hack 
1 
B pem "— Hooc , COOH COOH 
e rotate bac s z 
HC LL CHOH _ ER 
C. — 3 “=e 2 = HsC CH2OH = H CH3 
CH;OH about 90? HE 
forward H CH;OH 
b. Br H rotate the entire as F 
Hai Br molecule by 90° 4 * 3 1 
-—ec—de-c ————— _H;C" "C—C COOH 
/ around the central / 
H3C COOH carbon-carbon bond H Br 
COOH 
Br H rotate the entire Hw z Br quem 
4 i327 1 molecule by 90? C H Br 
HaC "C—C!" "COOH ————> | = 
\ keeping the central carbon C Br H 
H Br atoms in the plane Br" =~ H 
CH; CH3 
us 1 OH 
CH3 rotate the entire S rotate 120? CHO CHO 
| i o | OHC. ary i Ha : 20H 
c molecule by 180' Noe clockwise c^ =H OH 
A ——————————— ——— > 
Ho / XcHo around the central w^ around the | 
carbon atom CH3 C-methyl bond CH3 CH3 


4.31. For a molecule with n stereogenic centers, the total number of stereoisomers is 2". The compound 
under consideration has three potentially stereogenic centers, so a maximum of 8 stereoisomers might 


exist. The symmetry of the compound reduces that number, however, so only four stereoisomers 


actually exist, two of which are meso. 
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431. (continued) 


Draw each of the eight isomers, then determine which are identical (making models may be 
helpful for this exercise). The meso compounds have a plane of symmetry that passes through the central 
carbon atom (shown as a dashed line in the structures below). 


Q--- 
8 
) 


L 

ei ci 
i iN a cd 
1 - LI - - 
' zm ERES : 

as c cl 1i ci Cl CI CI Cl 

i | 
Li 1 
Cl Pr ~ CI CI same same CI 
= same z 
de ee 
| Pt i : 

Cl el cl 


Q 
o 
Q 


When a stereogenic center in a meso compound sits on a mirror plane, it is chiral if there are four different 
groups attached to it. For structure I, below, the four groups are H, Cl, (S)-CHCICH: and (R)-CHCICH;. 
When two structurally "identical" groups differ only in their configurations, the priority rules state that 
an (R) group has a higher priority than one that is (S). Therefore, C3 (the central carbon atom) in I has 
the (R) configuration, and C3 in structure II has the (S) configuration. The central carbon atom in III and 
IV is not chiral, even though the other two centers are chiral. 


ci cl c Ja C 


(S) (R) (R) (S) 
(R) x^ (S) 
C CI Cl él 
meso meso 
I H IH IV 


4.32. To convert from a Fischer projection to a perspective formula, use wedge bonds to show that the 
horizontal groups are in front of the plane of the page and used dashed lines to indicate that the two 
substituents at the top and bottom are behind the plane of the page. 


a. CH;OH CH;OH b. COOH COOH 
H ea s H—C-CI H2N H = H;N—C—H 
CH3 CH; CH;Ph CH;Ph 
c. CH;OH CH;OH 
H OH H=C—OH 


H OH H—C—OH 
CH3 CH; 
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4.33. Follow the procedures outlined in the solution to Exercise 4.31. 


same 
H3C, COOH HC, COOH  H4C COOH H.C, COOH 


CH3 4 “CH; 


CH; 
C MU 
.COOH HC, HC. COOH 
CH3 CH3 “CH; 


A stereogenic center in a meso compound that sits on the mirror plane is chiral if there are four different 
groups attached to it. When two structurally “identical” groups differ in their configurations, the priority 
rules state that an (R) group has a higher priority than one that is (S). Therefore, Cl (the carbon atom 
bearing the COOH group) in I has the (S) configuration, and the (R) configuration in structure II. 


VC N 
ACC COOH  Hs3C "ant COOH 
Hs 
meso 
I II III IV 


4.34. Follow the procedures outlined in the solution to Exercises 4.7, 4.9, and 4.13. The final assign- 


ments are shown directly below; the procedures showing how the assignments were made are shown in 
the following figures. 


a. b. c. d. e. £ 
CH OH Br CH2OH CHCl H OH 
| (S (S (R) 
Hz OH c. (S H OH H CI 
HYN (R) (S) cl 
CH OH cl H (R) 
CH 
3 H4CO H (R) (S) 
CH5OH CH2Cl OH 
meso meso 
CH5;OH 70H [9] 
a. 
2 4 2 H 4 (S) as drawn, but the priority 4 
H OH = H=C—OH — C—1 group is coming forward, so the 
= H actual configuration is (R). 
CH3 3 CH3 3 
b (i 1 
eC — (S) 
"my chs 
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4.34. (continued) 


e 2 (S) as drawn, but the priority 4 
CH;OH group is coming forward, so the 
actual configuration is (R). 
H OH 2 
H OH 4 H7 6—0H1 — \H—C—1 *cH;oH 3 
CH;OH {CHOH 3 4H=C—OH 1 —- (H—6—1 
2 
(R) as drawn, but the priority 4 
2 group is coming forward, so the 
actual configuration is (S). 
d (R) as drawn, but the priority 4 
CH;CI CcH;cl 3 group is coming forward, so the 
H cl 4 H—C—ci' > H—C—1 actual configuration is (S). 
CI H 2 2 
CH,Cl 
2 2 
1Cl—C—H4 —- 1—C—H 
CH;CI 3 
; 2C 


(R) as drawn, but the priority 4 
group is coming forward, so the 
actual configuration is (S). 


H 
H4 
2 
H 2 
bs — uc 
/ AF Sy 
4H H 
1 (S) as drawn, but the priority 4 


group is coming forward, so the 
actual configuration is (R). 


| ` 
AX 2 — 


OH 
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435. Follow the procedures outlined in the solution to Exercise 4.27. 
= Bry Br Br. H H Br 
Hec. SoH Hec S Br Bre SoH 
EC E on c—Gc^ 
ff — V /(G (S)N J) (RN 
H3C CH3 H3C CH; H3C CH3 
I I HI 
b. uo H oH Ho H H H H oH 
He A NAH HÍ NOH HOS NH 
| | (R)| | (R) (S) | (S) 
CcHs — CcHs CgHs CeHs CsHs CeHs 
I meso I Il 
s HO OH HO H H OH 
Ha SH Ha OH HO SH 
“Cc c^ ~c— = ~c— A 
/ meso N // $) (SN /AR RN 
CH3CH> CHCH; CH3CH> CHCH; CH4CH; CH;CH; 
I I Ii 


Enantiomers: 


Diastereomers: 


Enantiomers: 


Diastereomers: 


Enantiomers: 


Diastereomers: 
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II and III 


Iand II 
I and III 


II and III 


Iand II 
I and III 


II and III 


IandII 
I and III 


4.36. Follow the procedures outlined in the solution to Exercises 4.7 and 49. The assignments are 
shown on the structures in the boxes, and the procedures used to make those assignments follow. The 


asterisks in the original structures indicate which carbon atoms are chiral. 


a. Brefeldin A, an antiviral agent 


OH 
MO cw ©. cH, 

HOw [e] “fs, 
ZA H 


`c — [5 A 
HO" 1" o3 EAT 
1 (R) as drawn, but the priority 4 
3 group is coming forward, so the 


= 


4 actual configuration is (S). 2 
1 
e: OH 
= H 4 3 
[e 
ur \ eo i ai CH3 
HO 2 = o C; 
[9] A NS [9] "H 
Pd 2 4 


(R) as drawn, but the priority 4 
group is coming forward, so the 
actual configuration is (S). 


(R) as drawn, but the priority 4 
group is coming forward, so the 
actual configuration is (S). 


(S) 
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4.36. (continued) 


b. Imipenim, an antibacterial 


(R) as drawn, but the priority 4 
group is coming forward, so the 
actual configuration is (S). 


Solutions to Exercises for CHAPTER 5 


CHEMICAL REACTIONS AND MECHANISMS 


5.1. A reactant containing atoms that do not appear in the product is most likely acting as a catalyst. 


5.2. To classify a reaction by one of the seven given types, make use of the definitions given in the text. 
Draw the full structural formulas of the reactants and products to examine the functional groups 
involved in the transformation. Evaluate those structures to see which atoms are replaced or whether x 
bonds are made or broken. 


a. Addition: methyllithium (CH3Li) adds to the x bond of a ketone carbonyl group to form a product 
having only single bonds. 


CR a TES CHsLi HOP, CREM 
i T Y- Li* 
b. Substitution: iodide ion replaces the methanesulfonate ion (CH3SOs) 
^^ OSOCM. *I- —————» ^^^ * CSO 


c. Elimination: a molecule of water is lost from the starting alcohol to yield an alkene, which means 
that a carbon-carbon z bond is formed. Sulfuric acid is a catalyst for this reaction. 


H 
H2504, A 
— — 3&8 + H20 
H 


5.3. The conjugate base of a protic acid (an acid that donates a proton) is the species in which the most 


H oH 


H 
H 


acidic proton has been removed; its charge is one unit more negative than the charge on the starting acid. 
Often, the most acidic proton in a molecule or ion is attached to a heteroatom. The acidic proton in each 
of the following substances is shown in color. 


a. CH3CH;COOH  —* CH3CH2COO- 


b. HN3 — N37 
c. (CH3)3CSH —>  (CHjj4CS- 
d. CgH5OH —P CgH5O^ 


e. NH4* —> NH; 
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5.4. Acid-base reactions occur so as to produce a weaker acid from a stronger one. Identify the acid on 
each side of the equation and decide which proton is the most acidic. (These are shown in color in each 
equation.) Then, look up the approximate pKa values in Table 5.1. (These values are given below each 
acid in the following equations.) If the pK: values are approximately the same (as in part d., below), use 
the table printed on the inside front cover of the textbook to find a more precise value. The equilibrium 
lies toward the side of the equation with the acid having the larger pK: value. 


a.  CH4COH + CF  —— . CH&4CO; + HCI 
pK, ^5 pK, ^ -10 


b. CHOH + CN" == CH4O- + HCN 


pK, ~ 15 pK, ~ 10 

c. OH oO 
O + CH307 ——— O + CH4OH 
pKa ~ 10 pK, ~ 15 


d. NH,* + CH3CH2S~ —À NH3 + CH3;CH2SH 
(pKa ~ 10) (pKa ~ 10) 
pK; ^ 9 pK, ~ 11 


5.5. Identify which proton is the most acidic for each molecule in the given pair. (These protons are 
shown in color.) Then, look up the approximate pKa values in Table 5.1. (These values are given below 
each acid.) The stronger acid is the one with the lower pKa value and it is circled. 


c. 
OH OH 
vd —— OO 
pK, ~ 15 Ks ^ 15 Ks ^ 40 pK, ~ 10 pK, ~ 15 


5.6. Follow the procedure outlined in Example 5.4. 


a. Compounds I, IL and IV each have a substituent at C2. The more electron-withdrawing a 
substituent is, the more acidic that compound will be. A methyl group is electron-donating, and 
fluorine is more electronegative (more electron-withdrawing) than oxygen. Therefore, the order of 
acidity among compounds with a substituent adjacent to the COOH group will be I > II > IV. 
Compounds I and III each have a fluorine atom (at C2 and C4, respectively). The closer an electron- 
withdrawing group or atom is to the acidic proton, the stronger that acid will be. Therefore, the 
order of acidity will be I> III. Overall, compound I is the most acidic. 

Compound IV is the only one in the series with an electron-donating substituent. Therefore, it will 
be the least acidic. 
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5.6. (continued) 


b. Each compound has a substituent at C3. The more electron-withdrawing a substituent is, the more 
acidic that compound will be. The heteroatoms are all electron-withdrawing, and only the methyl 
group is electron-donating, so compound I is the least acidic. Among the others, the order of 
electronegativity values is O > Cl» Br. Therefore, the order of increasing acid strength will be III > II 
» IV. Compound III is the most acidic. 


Ycoox b a t "Y^ coon 
CH, 


5.7. 4-Methoxyaniline is a stronger base than aniline as a result of the resonance form shown in the box 
below. When this species is protonated on its nitrogen atom, the positive charge of the ammonium ion is 
offset by the negative charge on the neighboring carbon atom (circled in the structure below at the right). 


5.8. Follow the procedure outlined in Example 5.5. 


a. Boron is a group 13 element that exists in violation of the octet rule: when B has only three bonds, it 
has six electrons, which makes it a Lewis acid. After drawing a bond between the atoms of the 
electron-pair donor (O) and the electron-pair acceptor (B), include formal charges on the atoms in the 
product. 


H 
= FF ‘= 
ss PE. 
HÖN 4 B — 0—B, 
Ce ue l Y F 


b. Aluminum is another element that forms molecules that violate the octet rule, and many of its 
compounds are Lewis acids. After drawing a bond between the electron pair donor atom (Cl) and 
the electron pair acceptor atom (Al), include formal charges on the atoms in the product. 


HC. a 
e. cl db. NES 
CHsCl: — RÀ *CI—AL,, 
ig a ji T. \ ‘cl 
CI 
5.9. Follow the procedures outlined in Example 5.6. HC, 
+ 
a. A species in which an atom has a charge of +1 and no unshared Fo CHs 
electron pairs is an electrophile. HC 
b. A species with electron pairs and/or bonds, especially one that HC=c: 7 


carries a negative charge, is a nucleophile. 
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5.9. 
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(continued) 


Benzene has three carbon-carbon double bonds. These x bonds O 


will act as nucleophiles in most polar reactions. 


A species that bears an overall charge of +1, even if unshared 


— 
electron pairs are present, reacts mainly as an electrophile. :0 =N=0 : 


5.10. Follow the procedure outlined in Example 5.7. 


a. 


A reactant with a negative charge usually functions as the nucleophile in a polar transformation. 
Cyanide is a good nucleophile, and its carbon atom bears a -1 charge. The carbon atom of the 
carbonyl group in the other reactant plays the role of the electrophile—the C atom has a partial 
positive charge because O is the more electronegative atom of the pair. The first step in this reaction, 
as in any polar reaction, is the interaction between the nucleophile and the electrophile, which is 
depicted using a curved arrow that starts at the electron pair of the nucleophile and points to the 
electrophile. The electrons in the x bond of the carbonyl group have to move so that the carbon atom 
maintains four bonds. 


ae 
CzN: 


The proton is a common electrophile, so when a strong acid is present as one of the reactants, it 
usually functions in a transformation as the electrophilic reagent by supplying a proton. Any 
heteroatom or x bond in the other reactant will play the role of the nucleophile. The first step in this 
reaction, as in any polar reaction, is the interaction between the nucleophile and the electrophile, 
which is depicted using a curved arrow that starts at the electron pair of the nucleophile and points 
to the electrophile. Because H normally forms only one bond, the bond between H and Cl is broken 
as the new bond between the oxygen atom and hydrogen atom is made. 


+ 
10: i97 
Ls EI" aa Wer 
Hac — "CH, Mu H3C~ "CH, 


5.11. A slow reaction has a high free energy of activation whereas a fast reaction has a low free energy 
of activation. An endergonic process is one in which the free energy of the products is higher than the 


free energy of the reactants. 


Slow, endergonic reaction Fast, endergonic reaction 


Energy 
Energy 


Reaction coordinate Reaction coordinate 
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5.12. To calculate values of K« from the given values of AG?, make use of equation 5.16 (AG? - -RTIn 
Kea) where R = 1.986 cal e mol! e K and T is the temperature in Kelvins. 


a: AG? = +3.00 kcal e mol Keq = 6.29 x 102 
b. AG? = -3.00 kcal « mol! Keg = 1.59 x 10? 
G AG? =-6.00 kcal e mol? Keq = 2.53 x 104 


5.13. Similar to a reaction that proceeds via a carbocation intermediate, a reaction that occurs with 
involvement of a radical intermediate comprises reactants, products, and the intermediate itself. The 
energy diagram, therefore, looks much like that in Figure 5.4, in which an activation barrier exists 
between reactants and intermediate, as well as between intermediate and products. There are two 
transition states as well. 


Key: 


RH = Isobutane 

Re = tert-Butyl radical 
RCI = tert-Butyl chloride 
Cle =chlorine atom 


Energy 


RCI + Cle 


Reaction coordinate 


5.14. An amino acid with the D configuration is the mirror image (enantiomer) of an amino acid with 
the L configuration. Therefore, to draw the indicated structural formulas, switch any two groups 
attached to the stereogenic carbon atom in each of the L compounds. Starting with the structures shown 
in the text, the H and side chain groups have been switched to generate the structures depicted below. 


1” [ii 
Sc NS S 
H'/ "cooH HY "^"cooH 
D-Aspartic acid D-Phenylalanine 


5.15. Follow the procedure outlined in Example 5.8. 


a b. 
His CHCOOH Lys Val Phe 
| C— M— ——— ASH [———3À 
HC H o He y 
HN : x N COOH HN : \; N COOH 
2 2 
b d N^ "c^ hd bl N^ "c^ > j^ 
/ *. H Il 1*7. - R I. 
H CH; Oo H CH2CH2CH2CH2NH> H CH(CH3) Oo H CH 
= L J OES 
Glu Cys 
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5.16. Follow the procedure outlined in the solution to Exercise 5.2. 
a. Elimination: the elements of water are removed to form a x bond. 
H 
| ll - H;O | Il 
ee a rd ———- | H;C—C=CH—C—S—ACP 
OH 


b. Addition: two hydrogen atoms are added to the carbonyl x bond. This transformation can also be 
considered as a reduction reaction because only hydrogen atoms are added. 


[e] OH 
Il 2H | 

H;,cC-—C—COO- | ———- isi Mod 
H 


5.17. Follow the procedure outlined in the solution to Exercise 5.2. 


a. Addition: two hydrogen atoms are added to the carbonyl x bond of the ketone. This transformation 
can also be considered as a reduction reaction because only hydrogen atoms are added. 


o 
I 


C. CH;CH;CH;CH 
or CH,CH,CH, . —— 22. Pd CY 2CH2CH2CH3 


b. Addition: the cyano group and a hydrogen atom are added to the carbonyl x bond of the aldehyde. 


Q HCN WO, EN 
"wo pour i 
H CN- H 


c. Rearrangement: the same atoms are found in both the reactant and the product, but the ways they 
are bonded has changed. 


[9] O~ 
Ca S 


d. Addition: a hydrogen atom and a bromine atom are added to the carbon-carbon x bond of the 
alkene. 


H H H 
| HBr \/ 
ü T dim a — salir cian cine 
2 © Ho 


5.18. The stoichiometry of a reaction is defined by the ratio of reactant molecules. These ratios are most 
often 1:1, but 2:1 is not uncommon. A catalyst is identifiable because its atoms do not appear in the 
product. 


a. The stoichiometry is 1:1 for the reaction between 1-phenyl-1-butanone and molecular hydrogen. Pd 
is a catalyst for this reaction. 
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5.18. (continued) 


b. The stoichiometry is 1:1 for the reaction between hexanal and hydrogen cyanide. Cyanide ion is a 
catalyst for this reaction. 


c. There is only one reactant, so stoichiometry has no meaning. There is no catalytic reagent for this 
reaction. 


d. The stoichiometry is 1:1 for the reaction between 3-methoxy-l-propene and hydrogen bromide. 
Molecular oxygen is a catalyst for this reaction. 


5.19. To write an equation for a reaction described by words, first interpret each of the compound 
names for the reactants and products. Then, place the reactant molecules at the left, draw an arrow, and 
write the product molecules at the right. Include the other information on the arrow, numbering separate 
steps if needed. The chemical equations for each part of this exercise are shown in the boxes. 

To classify each reaction, follow the procedure outlined in the solution to Exercise 5.2. The 
changes that occur during the transformation are indicated by bonds and/or atoms in color in the 
equations with the dashed arrows. 


a. This is an addition reaction because a 1 bond is broken. It can also be classified as a reduction 
reaction because two H atoms add to the carbonyl group. 


NaBH,, 35 °C 
——————- 


50% ethanol-H;O 


b. This is an addition reaction because a x bond is broken. It can also be classified as a reduction 
reaction because two H atoms add to the carbonyl group. This transformation is a two-step 
procedure. 


1. LiAIH,, ether, 0 °C 
—————————- 


2. HClag) 


c. Thisisa substitution reaction because one group replaces another (ArS replaces I or a propyl group 
replaces a proton). 


SH DMSO S. 
O + CH3CH2CH31 ———- O CH2CH2C H3 
25 °C, (CoHs)3N 


ASH + CHsCH:CHAI ------------------- > ArS- CH;CH;CHs 


or ASA + CH,CH;CHU ------------------- > ArS- CH;CH;CHs 
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5.19. (continued) 


d. Thisis a substitution reaction because an oxygen atom replaces two hydrogen atoms. It can also be 


classified as an oxidation reaction because two H atoms are removed from the molecule. 


5.20. The yield of a chemical reaction is the ratio, expressed as a percentage, of the number of moles of 
product obtained divided by the number of moles product expected. The amount of expected product is 
based on the number of moles of starting material and the stoichiometric ratio of reactant to product 
molecules. 


a. The reaction begins with (8.33 + 90.19) = 0.0924 mol of the thiol starting material, and the molar ratio 
of reactant to product (1:1) indicates that 0.0924 mol of product should be obtained. Instead, (15.9 = 
180.3) = 0.0882 mol are obtained. Therefore the yield is (0.0882 + 0.0924) x 100 = 95.4%. 


b. The reaction begins with (3.38 + 84.12) = 0.0402 mol of the starting material, and the molar ratio of 
reactant to product (1:1) indicates that we expect to obtain 0.0402 mol of product. Instead, (3.16 = 
84.12) = 0.0376 mol are obtained. Therefore the yield is (0.0376 + 0.0402) x 100 = 93.5%. 


5.21. Follow the procedure outlined in Example 5.6. The following structural properties are important 
for the classification process: 
e Species with electron pairs and/or 1 bonds, especially those that carry negative 
charges, are nucleophiles. 
* Species in which an atom has a charge of +1 and no unshared electron pairs is an 
electrophile. 
* Species that bear an overall charge of *1, even if unshared electron pairs are 
present, react mainly as electrophiles. 
* Species that have an atom with only 6 electrons are electrophiles. 
* Species with single electrons are radicals, and are not usually classified as 
nucleophiles or electrophiles because their reactions are not polar in nature. 


Among the following species, the nucleophiles are (b.), (c.), (f.), (g.), and (i.). The electrophiles are (a.), 


(e.), and (h.) and are shown in color. The species that are neither nucleophiles nor electrophiles are (d.) 
and (j.) and are circled. 


CoH Hoc, 
a :cl* b. HO: c. jP—CeHs i (#) e. P 98 


CeH5 HC 
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5.22. For bases that are amine derivatives, any substituent that increases the electron density on the 
nitrogen atom makes the base stronger. Electron-withdrawing influences will make the base weaker. 


a. The second compound in this pair has an electron- CH3 
donating methyl group closer to the nitrogen atom, VAN 
which makes that molecule the stronger base. 


b. The second compound in this pair has an electron- 


donating methyl group, which makes that molecule HN HN 
the stronger base. The other compound has an O Q 
electron-withdrawing group (CF3) attached to the CF3 CH3 
benzene ring. 


c. The second compound in this pair has an electron- 
donating methyl group, which makes that molecule NH2 
the stronger base. The other compound has only a Cx 
hydrogen atom attached to the carbon atom that 
bears the amino group. 


H 


d. Both molecules have a heteroatom two atoms away 
from the amino group. Because sulfur is less 


S S 
electronegative than oxygen, the first compound of CY nD CY NH2 
the pair will have greater electron density at the 


nitrogen atom, so that molecule is the stronger base. 


5.23. Follow the procedure outlined in Exercise 5.4. The pKa values can be found in Table 5.1 and in 
Section 5.2e (see Tables 5.5 and 5.6). 


a. 
( (NH *  Ph—CcmCc;  ———- ( NT + | Ph—CzEC-H 
o 
Base 


o 
Acid (pKa ~ 15) Base Acid (pKa ~ 25) 
b. + 
( NN: Í “SNH 
pe + CH3CH2COOH ——- i + CH3CH2COO- 
Base Acid (pKa = 4.87) Acid (pKa = 5.3) Base 
e. ax * * ae 
NH, + (CH3CH2).NH2 === NH3 + (CH3CH2)2NH 
Base Acid (pK, = 11.0) Acid (pK, = 4.62) Base 


5.24. An endergonic process is one in which the free energy of the products is higher than the free 
energy of the reactants. A one-step reaction has a single maximum in its reaction coordinate curve, 
which is the transition state, and the height of this maximum is equal to the free energy of activation. 
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5.24. (continued) 


transition state 


d free energy of activation 


AG? standard free energy of reaction 


Energy 


Reaction coordinate 


5.25. Anexergonic process is one in which the free energy of the products is lower than the free energy 
of the reactants. A two-step reaction has two maxima in its reaction coordinate curve, and the top of each 
is the transition state for each step. The minimum between the transition states corresponds to the 
energy of a reaction intermediate. The height of each maximum is equal to the free energy of activation 
for each step. For a reaction in which the first step is slower than the second, the first free energy of 
activation value has to be greater than the free energy of activation value for step 2. (The transition state 
energy for step 2 does not have to be lower than the transition state energy of the first step, although it is 
illustrated that way in the following figure.) 


/ ~~ transition state, step 1 


dia transition state, step 2 
t 
e T AG; 


intermediate 


AG free energy of activation for step 1 


Energy 
NH- + 


free energy of activation for step 2 
AG? standard free energy of reaction 


Reaction coordinate 


5.26. Acid-base reactions occur so as to produce a weaker acid from a stronger one. Determine the 
approximate pKa value of each acid from Table 5.1 or from the table on the inside front cover of the text. 
(These values are given below each acid in the following equations.) The product in each case is water, 
which has a pKa value of about 15. The equilibrium lies toward the side of the equation having the acid 
with the larger pKa value. 


a. Ha3C-COOH + NaOH === H3C—COO-Na* + H20 right 
pKa~5 pK, ~ 15 
b. OH O^ Nat 
X + NaOH X + H20 right 
CI el pKa ^ 15 


pK, ~ 10 
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5.26. (continued) 


[s 
SLÀ s + NaOH == dos Na* * H;O right 
pK ^ 11 pK, ~ 15 
d. o fe) 
+ NaOH | ——— + H;O left 
NH N- Na* 
pK, ^ 16 pK, ^ 15 
a 
» TA + NaOH => el H20 left 
OH O- Nat 
pK, ~ 17 pK, ~ 15 
‘a 


5.27. Follow the procedure outlined in the solution to Example 5.4 


a. All of the compounds except III have at least one substituent on the carbon atom adjacent to the 
COOH group. Compound II has two electron-donating groups at that position, making it the least 
acidic substance, and compound IV has the most electron-withdrawing substituent, which makes it 
the most acidic. 


least most 
d HAC CH; F CH3 
Qos COOH (X m Cas Cre 
l " m Iv v 


b. All of the compounds have a heteroatom close to the COOH group. Compound I has the more 
electronegative substituent, which is also closest to the COOH group, so it is the most acidic 
molecule. Compound II has an oxygen atom, which is the less electronegative than F, and it is 
farthest from the COOH group, so compound II is the least acidic. 


most least 
F 
o 
COOH Oa 
T i IV 


5.28. Acid-base reactions occur so as to produce a weaker acid from a stronger one. Hydrochloric acid 
is an aqueous solution of HCl. Its pKa value is about -1.7. 


HCl + H;O —— H30* + CF 
pK, ~-7 pK, =-1.7 


Determine the approximate pKa value of each acid from Table 5.1 or from the table on the inside front 
cover of the text. (These values are given below each acid in the following equations.) The equilibrium 
lies toward the side of the equation having the acid with the larger pKa value. 
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528. (continued) 


+ 
a. CH;CH,NH, + H,0* === CH;CH,NH; + H,O right 
pK, 7 -1.7 pKa ^ 9 
b. + 
OH + al OH, + H;O ~ equal 
=-17 
pK, ~-2 
c 
SL sor Nat + H40* Ld. osos * H20 left 
pKa = -1.7 pKa ~ -6.5 
+ 
d. OH 
ad + hd >= ef + HO left 
zd ae 
5.29. Follow the procedure outlined in the solution to Exercise 5.28. 
+ 
a. CH3CH.NH, + HOAc == CH3CH.NH; + OAc right 
pK, ~5 pK, ~9 
b. + 
OH + HOAC ~ OH, + OAC left 
pKa ^ -2 
c. 
SL sos Na? + HOAc == L son + NaOAc left 
pKa~5 pKa ~ —6.5 
+ 
d. OH 
Ct * HOAc Ct * OAc left 
pK, ~ 
s pK, ~ -6 


5.30. First, interpret the names according to the procedures outlined in Chapter 1. 


b. 4 2 c. [e] 


d. 
1 : » L e M 
“oye CF4- CH; X OH 
3 2 
fe) 2 NH2 


Next, assess the acidity values of the different types of protons in each molecule. For the ketone (a.), the 
most acidic protons are attached adjacent to the carbonyl group. For the amide (c.), the protons attached 
to the N atom are the acidic ones. For (d.), the alcohol OH group bears the acidic proton. Compound (b.) 
is the least acidic because it is a hydrocarbon derivative. Amide (c.) is probably slightly more acidic than 
the alcohol molecule (both have pK, values ~ 15) because the aromatic ring is electron withdrawing. 
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5.30. (continued) 


[o] 
CF3-CH OT 
es 3 3 NH; OH 


cl 
© pKa- 20 pK, ~ 40-50 pK, ~ 15 pK, ~ 15 


5.31. Using the equation AG? = -RTInKe we calculate that when Keq= 1, AG? = 0. This means that the 
reactants and products have the same energy values as shown in the reaction coordinate diagram below. 


Energy 


Reaction coordinate 


5.32. The side chains of glutamic and aspartic acids each have a carboxylic acid group. The conjugate 
base of a carboxylic acid is the carboxylate ion. The structures of these amino acid derivatives are shown 
below. 


NH; NH; 
HOOC HOOC coo- 
D-Aspartic acid D-Glutamic acid 


5.33. Follow the procedure outlined in the solution to Example 5.7. 


a. A reactant with a positive charge usually functions as an electrophile in a polar transformation. A x 
bond of the benzene ring plays the role of the nucleophile. The first step in this reaction, as in any 
polar reaction, is the interaction between the nucleophile and the electrophile, which is depicted 
using a curved arrow that starts at the electron pair of the nucleophile (the x bond) and points to the 
electrophile, the nitrogen atom. 


nucleophile (x bond) H 
P alia NO3 
NO;* 
electrophile (N atom) 


b. The proton is a common electrophile, so when a strong acid (often indicated as H*) is present as one 
of the reactants, it is the electrophile. Any heteroatom or 7 bond in the other reactant can play the 
role of the nucleophile. The first step in this reaction, as in any polar reaction, is the interaction 
between the nucleophile and the electrophile, which is depicted using a curved arrow that starts at 
the electron pair of the nudeophile—the oxygen atom of the alcohol molecule—and points to the 


electrophile, H*. 
H 
i A 


H* 


oi e of. 
b ibis electrophile «HH 


nucleophile (O atom) 
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5.33. (continued) 


c. 


A reactant with a negative charge usually functions as the nucleophile in a polar transformation. 
Methoxide ion is a good nucleophile, and its oxygen atom bears a -1 charge. The carbon atom of the 
carbonyl group in the other reactant plays the role of the electrophile —the carbon atom has a partial 
positive charge because oxygen is the more electronegative atom of the pair. The first step in this 
process is the interaction between the nucleophile and the electrophile, which is depicted using a 
curved arrow that starts at the electron pair of the nucleophile and points to the electrophile, the 
carbon atom. The electrons in the x bond of the carbonyl group move so that the carbon atom 
maintains four bonds. 


nucleophile (O atom) . ó: " 
C el 


c~ 
m / cM: —— 4 CH3 
*'OCHs 


OS (C atom) 


The proton is a common electrophile, so when a strong acid (often indicated as H’) is present as one 
of the reactants, H* is the electrophile. Any heteroatom or 7 bond in the other reactant can play the 
role of the nucleophile. The first step in this reaction, as in any polar reaction, is the interaction 
between the nucleophile and the electrophile, which is depicted using a curved arrow that starts at 
the electron pair of the nucleophile—the x bond of the alkene— and points to the electrophile, H*. 


CH > 
CH3 
e aos ile 


nucleophile o bond) 


5.34. Lysine has the amino group in its side chain, so its conjugate acid form is the ammonium ion, 
which will have a pKa value equal to about 9, according to the data in the table on the inside cover of the 


text. 


The other amino group will also be protonated. Histidine has an imidazole ring, which has a 


nitrogen atom capable of being protonated by acid. 


5.35. 


+ 
NH2 NH3 
Lys H4O* 
H N ''COOH s H N ''COOH 
2 3 
H H 
N NH H30* NH 
His 4 | 2 25255 a 
N t’ COOH ,'COOH 
H H H 


Follow the procedures outlined in the solution to Exercise 5.21. The side chains of Lys, His, and 


Cys all have heteroatoms with unshared pairs of electrons. These groups are nucleophilic. 


NH, rÑ NH; 
H KAA H" | b H: KE 
HOOC HOOC H HOOC " 


Lys His Cys 
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5.35. (continued) 


The side chains of Asp, Glu, and Tyr all have OH groups that can donate a proton, which is an excellent 
electrophile. Therefore we classify these side chains as electrophilic. 


NH; NH; NH; OH 
H: yA coon H: AN HU 
HOOC HOOC COOH  Hooc 
Asp Glu Tyr 


The side chains of Asp, Glu, and Tyr can be converted to their conjugate base forms, which would be 
expected to be nucleophilic. 


NH; NH; NH» d 
H: jA coo H: AN " HU 
HOOC HOOC coo HOOC 
Asp Glu Tyr 


The other amino acids in Table 5.8 have side chains that are neither nucleophilic nor electrophilic. 


NH2 NH2 
22 wh LD 


HOOC HOOC 


Val Phe 
5.36. Follow the procedure outlined in the solution to Exercises 5.2 and 5.16. 


a. Elimination: two hydrogen atoms are removed to form a x bond. This transformation can also be 
classified as an oxidation reaction (removal of H atoms). 


b. Substitution: a hydrogen atom is replaced by an OH group. This transformation can also be 
considered as an oxidation reaction because a heteroatom (oxygen) is incorporated into the product. 


* + 
H NH; O3, 2H* HO NH3 
——— 
TL ds H -H20 CH 
COO- COO- 


c. Addition: a hydrogen atom and an OH group are added to the alkene 1 bond. 


HO H O 


H [e] 
H20 
s -U s 
P Nd “Coenzyme A e “Coenzyme A 
H H 


H 
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Solutions to Exercises for CHAPTER 6 


SUBSTITUTION REACTIONS OF ALKYL HALIDES 


6.1. As described in Chapter 5, a nucleophile is the species in a reaction that carries a negative 
charge or has at least one unshared pair of electrons. To identify the nucleophile in the reactions 
shown in Figure 6.1, look for the portion of the product that has changed in relation to the structure of 
the starting material. If a protic acid is a reactant, the nucleophile is likely its conjugate base. 

CH;S- 


a 
b. Br~ (the conjugate base of the acid HBr) 


n 


(CH3) jN: The nitrogen atom of an amine is a nucleophile because it has anunshared electron pair. 
r 


P 


6.2. Nucleophilicity increases with basicity within a period (horizontal row of the Periodic Table) 
or for a given atom. Within a group (a vertical column of the Periodic Table), nucleophilicity increases 
as atoms become larger (S > O; I > Br » CI, etc.). 


a. SH orOH 
Sulfur is larger than oxygen and they are in the same group (16), so SH” is the better nucleophile. 


b. P(CHj ; or N(CH)); 
Phosphorus is larger than nitrogen and they are in the same group (15), so P(CH;) ; is the better 
nucleophile. 


c NH, or H,O 
Both N and O are second period elements and because ammonia is a stronger base than water, NH; 
is the better nucleophile. 


63. To classify an organohalide according to its type, first characterize the type of carbon atom to 
which the halogen atom is bonded. 

To predict the type of substitution reaction that each will participate in, make use of the data in 
the following summary: 


Syl: all types of 3°, all types of 2°, 1°-benzylic, 1°-allylic 
Sy2: Methyl, all types of 1°, all types of 2° 
Neither: alkenyl, alkynyl, aryl 


ii pc" : p-2* F 
( 


a. CHcH;CHjr d. CH3—-CH-CHs e. 
‘oe ter +h 


Sn2 Su2 neither Sw1 or Sy2 Spí 
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64. Theorganohalide in this transformation is tertiary alkyl halide, so substitution will occur by the 
S41 mechanism. The first step is dissociation of chloride ion to form a carbocation. Then the 
nucleophile, methanol, reacts with the electrophilic carbon atom (step 2). Finally, the solvent acts as 
a base to deprotonate the oxonium ion intermediate, forming the ether molecule product (step 3). 


CH3 CH3 
Ce CH30H, A CY xp 
"T © 
CH3 P aa CH3 
CH30H, A 


- 
CH / 
e ACHT Eo a" + 
— —— C — = O—CH3 + CH30H2 
© CH, ® 


6.5. The so-called “no-bond” resonance forms that are used to represent hyperconjugation place a 
positive charge on one of the protons (shown in color) originally attached to a carbon atom adjacent to 
the one that bears the positive charge. This delocalization also produces a carbon-carbon double bond. 
Only the carbon-hydrogen bond that is aligned with the p orbital on the cationic carbon atom is able to 
participate, which explains why each methyl group contributes only one resonance form (the choice of 
the hydrogen atoms involved in these no-bond resonance forms was made arbitrarily). 


H H H H* H H H 
\7 \ \/ M 
H C—H H C—H —H H C—H 
4 / / 
H—C—C + -—» H—C-—C -—» H? C=C <> H—C-—C 
N / N 
H C —H H C —H H C —H H C —H 
PS ZUN EN / 
H H H H H H H f 


6.6. Assign a type to each carbocation, and then rank them according to the recognized order of 
carbocation stabilities (most to least stable): 


benzylic ~ allylic > 3° > 2° >> 1° > methyl > phenyl, alkenyl 
(Within the benzylic and allylic carbocation categories, the stability order is 3° >2° > 1°.) 


CH3 vs 

| CH3 H 

Ge e POT 
ym AUR ey m Uh CI 
E CH “| ANA FE lig Mz6* 
3? benzylic 3? allylic 3r - 4 aryl 


6.7. The rates of S1 reactions mirror the order of carbocation stability: benzylic ~ allylic > 3° » 2°. 
The following do not react by the S1 pathway: 1°, methyl, phenyl, and alkenyl. Therefore if you 
classify the types of organohalides, you can predict the relative rates of their reactions according to 
their types (no reaction - slowest rate). 


a. 2-Bromoheptane — 3-Bromo-3-methylhexane 2-Bromo-2-heptene 


Br Br CH3 Br 


" 3?: Fastest Alkenyl: N.R. = Slowest 
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6.7. (continued) 


EN Br Pin d 


Aryl: N.R. = Slowest T 3?: Fastest 


b. 


6.8. As stated, the reaction given in this exercise occurs by the S41 pathway, which is recognizable 
because the solvent is aqueous methanol, a reagent combination that comprises only weak base 
nucleophiles. A carbocation is formed in the first step of the S41 reaction. For direct substitution, the 
nucleophile (water) reacts with the first-formed carbocation (step 2) and is followed by an acid-base 
reaction (step 3). This product is 2-phenylcyclohexanol. 


Br H 
" . = 
H20, A = 
OD 2+ GO 
H 
+ ^ WEE. 


H aie H OH OH 
-a : N \ N 
H20 H20 
© © mu 


To predict likely rearrangement products, look at the structure of the initially generated carbocation 
and see if it is possible to generate a more stable carbocation simply by moving a hydrogen atom or 
alkyl group from an adjacent atom(s). If a more stable carbocation can be generated (step R below), the 
subsequent substitution products will result from reaction of the nucleophile with this second-formed 
carbocation (steps 2' and 3'). This product is 1-phenylcyclohexanol. 


H t 
H H j \ is KON m 
£26 © S 
: —— ———— — 
j ® ® © 
2° carbocaton 3° and benzylic + H30* 


carbocaton 


6.9. This reaction ocursby the Sy1 pathway, recognizable because the solvent that is used is aqueous- 
methanol, a reagent combination that comprises only weak base nucleophiles. In addition, the 
substrate is a secondary benzylic alkyl bromide, which will form a stable carbocation upon dissociation 
of the leaving group. When a carbocation forms, the stereochemical course of a reaction is racemization 
at that center because the carbocation is achiral. The nucleophile (water) can react at each face of the 
carbocation (top and bottom as drawn), so the products are enantiomers. 


H3C Br CH3 H3C OH HO CH3 


OX (OS | CO. Ov 
A © A © ~/S — 
3? and benzylic 
carbocaton 


achiral 
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6.10. These reactions proceed via the S42 pathway, inferred because an aprotic solvent and a good 
nucleophile [hydroxide ion in part (a.) and iodide ion in part (b.)] are present in each. The 
stereochemical course of an S42 reaction is inversion of configuration at the carbon atom bearing the 
leaving group. Part (b.) is a rare example of a chiral primary substrate; deuterium (D) is an isotope of 
hydrogen (H), so the carbon atom that bears the leaving group has four different groups and is chiral. 


a. 
ss OH^, DMSO, A p É v _Nal, acetone - Z 
: ^ Ph 
(R) D (s) D (R) 


6.11. The reaction between a primary amine and a primary alkyl halide normally gives both mono- 
and disubstitution products, in which the nitrogen atomof the amine replaces the leaving group (in this 
case a bromide ion). The initial substitution product (reaction 1) is the hydrobromide salt of the 
dialkylamine. It reacts with the original amine in an equilibrium process (reaction 2). This 
dialky lamine reacts with a second molecule of the alkyl bromide (reaction 3), so the second product has 
two alkyl groups from the original alkyl halide attached to the nitrogen atom of the original amine 
component. This second product is also formed as its hydrobromide salt. Upon treatment with aqueous 
base, these hydrobromide salts (A and B) are converted to the neutral amine products. 


— + 
1| UIS SU BT BIBOmEmmMS INO NH 2CH2CH2CH3 Br^ 


A 


—, + 

2| ANNAN NH2CH2CH2CH3 + CH3CH2CH2NH2 —=—__ 

| ee | + 
INI NHCH2CH2CH3 * CH3CH3C H2N H3 


- 
- 


P. 
NU NS NUI IN IE 
[3] ARAB s AAAHACNHGH2CH CH: ose T Br 
POPOL XNCH,CH,CH3 
B 
NaOH NaOH ON, 
AHA SHCHCH, CHG B ——»- N—CH3CH;CH; 
H20 H20 


6.12. The reaction between an amine and a dihaloalkane proceeds via successive Sy2-type reactions. 
Normally, a base is added to remove the HX that is formed. In this transformation, the excess amine 
that is added fromthe start can react in steps (2) and (4) to get rid of the HBr that is produced. 


P pe. — 
A is 
Br * CH3NH3 H CH3NH> 
Tc. 77" Br — 


Br + az. B + 
SND) Bp IN N—CH; + CHNH3 Br- 
/ (2) / 


“a, 
ES 


^ ^ -4 H " mn S ; 
Br. ^ NEA CH3NH2 * 
N—CH; — | Nw — / l3 + CH3NH3 Br” 


/ Xom B" ©) 


H 


6.13. Follow the procedures outlined in Example 6.4: classify the type of substrate and nucleophile 
that are present, and then use the data in Table 6.4 to predict which mechanism will operate. 
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6.13. (continued) 


a. The substrate in this reaction is a primary, benzylic alkyl bromide. The nucleophile is neutral and 
a weak base, and the solvent is protic. The data in Table 6.4 indicate that this reaction should 
occur via the Sy1 mechanism. The starting materials are achiral, so there is no reaction 
stereochemistry to evaluate. 


CH _CH3SH SCH3 
+ HBr 
ied 


b. The substrate in this reaction is a secondary alkyl chloride. The nucleophile is good and a 
moderate base, and the solvent is aprotic. The data in Table 6.4 indicate that this reaction should 
occur via the S42 mechanism. The starting material is chiral at the carbon atom bearing the 
leaving group, so the reaction should occur by inversion of configuration at the chiral center. 


H Cl H3cs H 

è H3, THF 3, 
"ow — "ue qu dise 
2d "d 


(R) 


6.14. A substitution reaction is viable when three conditions are met: (1) a nucleophile is present, (2) 
the substrate molecule has at least one sp°-hybridized carbon atom, which (3) is attached to a good 
leavinggroup. Each of the following reactions meets these criteria. If the leaving group is attached to 
a 1° or 2° carbon atom, then the mechanism is likely $42, and the configuration of a chiral center to 
which the leaving group is attached will be inverted. 


a. The nucleophile is the cyanide ion, which replaces the bromide ion with inversion of configuration 
at the 2° carbon atom. 


NaCN 


y M ——— * NaBr 
DMF 


b. The nucleophile is the iodide ion, which replaces the chloride ion with inversion of configuration 
at the 2° carbon atom. 


Nal He 
—— ? + NaCl 
D acetone G 


c. The nucleophile is dimethylamine, an uncharged nucleophile. It replaces the bromide ion, but the 
product is ionic because both reactants are neutral. Amines are reasonable bases so the proton on the 
nitrogen atom is retained. The substrate molecule is achiral, so stereochemistry is not an issue. 


ag SS p (CH3)2NH SS S T x 
Br ———— NH(CHs3); Br 
achiral THF 


d. The nucleophile is the methanethiolate ion, which replaces the bromide ion with inversion of 
configuration at the 2* carbon atom. Even though the carbon atom bearing the leaving group is not 
chiral, its stereochemistry is defined by the presence of another substituent attached to the ring, 
and a geometric isomer is formed. 


C(CH3)s NaSCHs C(CH3)3 
— * NaBr 
. DMSO is 
Br cis CH3S trans 
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6.15. The rate of a substitution reaction depends mainly on the strength of the nucleophile (better 
nucleophiles react faster) and the structure of organic substrate undergoing substitution. For an Sy1 
reaction (usually a solvolysis process), the rate decreases in the order 3° > 2° >> 1°. For anS,2 reaction, 
the rate decreases in the order methyl > 1° > 2° >> 3°. The faster reaction in each pair is enclosed in 
the colored box. 


a. The substrate in each reaction is the same, so we have to consider the relative strengths of the 
nucleophiles. For a given atom type with the same charge, nucleophilicity parallels base strength. 
Hydroxide ion is a stronger base than acetate ion (in both, the oxygen atom is the nucleophilic 
atom), so the first reaction goes faster. Methyl substrates react via the S42 pathway. 


DMSO 
CH3l + OH- — — —- CH40H +r 


DMSO 
CH3l + OAC ~> CH30Ac + F 


b. The nucleophile in each reaction is the same, so we have to consider the substrate structures. The 
nucleophile is the solvent, which is water, so each transformation is a solvolysis reaction and 
probably occurs via the Sy1 pathway. Therefore, the order of reactivity is 3° > 2°, so the first 
reaction occurs faster. 


(CH3)3CBr + H0O ——» (CH3)3COH + HBr 


(CH3)2CHBr + H2O ——»  (CH3)2CHOH + HBr 


c. The nucleophile in each reaction is the same, so we have to consider the substrate structures. The 
nucleophile is a good base and the solvent is aprotic, so the reaction occurs via the S42 pathway. 
Therefore, the order of reactivity is 1° > 2°, and the second reaction occurs faster. 


ditis _ _CH3CN p 
cl + Pho ——— OPh + Cr 


CH3CN 


| “scl + Pho “~~ ~oph + CF 


d. The nucleophile in each reaction is the same, so we have to consider the substrate structures. The 
nucleophile is a charged species, and both substrates are 2° bromoalkanes, so these transformations 
probably occur by the $y2 pathway. In an $42 reaction, the carbon atom in the transition state is 
five-coordinated, and the carbon-carbon bond angles within the substrate approach 120°. The 
cyclobutyl compound has more angle strain to begin with, so to go from 109° in the reactant to 120° in 
the transition state is more difficult for the substrate with the four-membered ring. Therefore, 
bromocyclohexane reacts faster. 


| ( yw + CN" E. ans (yw * Br 
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6.16. In solvolysis reactions, a carbocation is formed as an intermediate, so rearrangement reactions 
are possible. Consider, therefore, whether an atom or group can readily migrate within the 
intermediate to form a more stable carbocation. If so, then rationalize the formation of the rearranged 
product by composing a suitable mechanism. First, write out the overall reaction: 


H20 
Å 
CH30H 
Br OH 


Then, write the steps of the mechanism. The bromide ion dissociates (step 1), and then a hydrogen 
atom migrates to convert the 2° carbocation to a 3° carbocation (step 2). Water intercepts this 3° 
carbocation (step 3), and an acid-base reaction yields the alcohol product (step 4). 


^x A v ^q 


2? carbocaton 3? carbocaton 


2 ‘eg 
oh 
x E 
E + H4O* 
H 


6.17. The reaction described in this exercise is straightforward, comprising substitution of a bromide 
ion by the iodide ion with concomitant racemization. 

The fact that the reaction rate depends upon the concentrations of both substrate and nucleophile 
tells us that the mechanism is $42. The normal stereochemical result of an S42 reaction is inversion of 
configuration which is in contrast with the experimental results. Look at the mechanism. 

The initial $42 reaction occurs as expected: 


(R) NaI (S) - 

——————— * abr 
di Y acetone d d 
H pr I H 


This product has a good leaving group (iodide ion) attached to an aliphatic carbon atom, so it can 
also undergo the $,4,2 reaction. The product of this second substitution reaction has the same bonding 
structure as the starting material, but it has the inverted stereochemistry. A racemic product is formed, 
therefore, after some time has passed. 


(S) NaI (R) 


i 4 iat d + Nal 
acetone 1 
H 


Racemization of a carbon atom with a good leaving group will occur any time the nucleophile and 
the leaving group are the same. This process normally only ocaurs when the nucleophile is a halide ion, 
especially the iodide ion. 


102 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


6.18. Draw Lewis structures (and resonance forms) for the given ions according to the procedures 
outlined in the solution to Exercise 2.4. Because the electrons are delocalized among several atoms, the 
nucleophilicity of any one atom is low, which makes the ion itself only a weak nucleophile. 


[i ge e à 0n i i FOR 7 
O—N--0 -— O—N=*0 ns O=N-+0 
+ + + 
[ Qo: .)-1 [ uH -1 [ or -1 
" Ta ^ n JN 
CH40 —P—O e o -— cH3o —P 50 
!OCH; OCH, *OCH4 
g o: E r 0: -1 r 0: 4 
* s Ma pus 
o—sto <> | -o0>s=o <> | -o=sto 
| | | 
'tOCHs L 'OCH3 OCH3 


6.19. When an alkyl chloride is treated with a soluble silver salt, the silver(I) ion reacts with the 
halide atom (chlorine in this example) to form an adduct (step 1). The insoluble nature of AgCI leads to 
its precipitation with formation of the 2° carbocation (step 2). 


tg 


H 


" " 
QT 73 "m " ier 
Pra, G PW d E AA + Nfl 


This carbocation is intercepted by a molecule of methanol (step 3), and an acid-base reaction yields the 
methoxy compound (step 4). 


2° carbocation 


p H. OCH3 


H ee n H, ‘o—H 
CH30H ) 
Fu. a M E pu ee EG Pu * * CH3ÓH; 
* — 


6.20. To predict the structure of the product of a given substitution reaction, you must first decide 
whether the reaction will occur. Specifically, look to see whether a good leaving group (a chloride, 
bromide, or iodide ion) is attached to an sp*-hybridized carbon atom, and then whether a good 
nucleophile is present. A chiral center attached to a leaving group undergoes inversion of configuration 
in the S42 mechanism. The stereochemical outcome of an S41 reaction is racemization. 


a. The substrate is a 3? allylic alkyl chloride, the nucleophile is water, a weak base, and the solvent 
is protic. These features are associated with the S1 mechanism. An OH group will replace the 
chlorine atom. The substrate is achiral and no chiral center is generated during the course of the 
reaction, so the product is achiral as well. 


CH3 CH3 CH3 CH3 
| H20, EtOH, A | | 
—_—— pe 


267, MEE CUP achiral 
'CH3 H.C” 76 \ CH3 
\ 3 H d 
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6.20. (continued) 


b. 


The substrate is a 2? benzylic alkyl chloride, the nucleophile is the iodide ion, a weak base, and 
the solvent is protic. These features are associated with the S41 mechanism. The iodine atom will 
replace the chlorine atom. The substrate is chiral, so a racemic mixture of product molecules will be 
formed. 


CH2CH3 CH;CH5 CH2CH3 
| | | 


pm Can. BC Un racemic 
IN H — Í S \ H2 I "S IN I 
CI I H 


The substrate is an alkenyl chloride, which means the leaving group is attached to an sp?- 
hybridized carbon atom. Therefore, no reaction will occur. 


CI 


ur APR EIL 
———————- NR 
x DMSO 


The substrate has two 1° alkyl bromide groups, and the nucleophile is an amine molecule, a 
moderate base. These features are associated with the S,2 mechanism. The amine will react twice 
(see Exercise 6.12 for a similar reaction and its mechanism). The substrate is achiral and nochiral 
center is generated during the course of the reaction, so the product is achiral as well. 


H, Pia: 24 

A CH3NH> 
43S ‘Br ————— ——  u4c—(3  N—CHs achiral 
5 

Br 4 5 


The substrate is a 1? alkyl bromide, the nucleophile is the azide ion, a weak to moderate base but 
an excellent nucleophile, and the solvent is aprotic. These features are associated with the S42 
mechanism. The azide group will replace the bromine atom. The substrate is achiral and no chiral 
center is generated during the course of the reaction, so the product is achiral as well. 


NaN;, DMF 


Pury ZO MN, achiral 


The substrate is a 3? benzylic alkyl chloride, the nucleophile is a thiol molecule, a weak base, and 
the solvent is protic. These features are associated with the Sy1 mechanism. The CH;S group will 
replace the chlorine atom. The substrate is achiral and no chiral center is generated during the 
course of the reaction, so the product is achiral as well. 


CH3 en 
| 
CH3SH, EtOH 
CN CHs BRL dod ee A | io CH, achiral 
CI M SCH3 


The substrate is an aryl iodide, which means the leaving group is attached to an sp*-hybridized 
carbonatom. Therefore, no reaction will occur. 


H3C I NaCN, DMF 
— e MR 
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6.20. (continued) 


h. The substrate is a 2? alkyl chloride, the nucleophile is the CH;CH,S~ ion, a moderate base and an 
excellent nucleophile, and the solvent is aprotic. These features are associated with the $42 
mechanism. The CH;CH;S group will replace the chlorine atom. The substrate is chiral, so the 
product will have the opposite configuration (inversion). 


oH CH34CH5S^ Na* . SCH3CH3 
CI i H invers ion 
(R) DMSO (S) 


i. The substrate is a 2° alkyl bromide, the nucleophile is the I~ ion, a weak base and an excellent 
nucleophile, and the solvent is aprotic. These features are associated with the S,2 mechanism. 
The substrate is achiral and no chiral center is generated during the course of the reaction, so the 
product is achiral as well. 


— K I, acetone i 
[ P — l y achiral 


j- The substrate is a 1? alkyl bromide, the nucleophile is water, a weak base, and the solvent is protic. 
The nucleophile and solvent are features normally associated with the Sj1 mechanism, but a 
primary alkyl halide cannot undergo carbocation formation. Therefore, no reaction occurs 


H20, EtOH, A 
— 


Pin i a N. R. 


6.21. The equation given in the exercise shows that the bond to be made is the one between the carbon 
atom adjacent to the carboxylic acid group and the oxygen atom of the phenolic compound. This bond is 
indicated below by the wavy, colored line. 


R R 
ArO™ + "— E————Á osoon £ GF 


Thus, the reactants on the left side of the equation are the ones needed to make the aryloxy carboxylic 
acids illustrated in the exercise, and you need only convert the general groups “R” and “Ar” to their 
specific structures as shown below. 


È Jo + CI—CH5-COOH — \ 9-cHzcooH 
CI CI 


CH3 CH3 
| 
cl O^ + CI—CH—COOH — ci O-CH 


N 
COOH 


ue ...,0 — CH5-COOH 
+ CI—CH?-CO0H — ———— 
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622. For this type of exercise, you first decide what type of reaction is occurring—they are all 
examples of substitution reactions (one group replaces another). Therefore, use the structural type of 
the substrate to decide which type of nucleophile and solvent to use according to the mechanism that is 
needed. 


a. 


The substrate is a 1° alkyl bromide, so Sy2 conditions are required. The nucleophile should be a 
form of C,H;S (the replacing group) that is a moderate base and an excellent nucleophile, and the 
solvent should be aprotic. 


NaSCgHs, DMF 
Nn __ 8 —_—_———— Nm _ S €gHs 


The substrate is a 2° alkyl chloride, and inversion of the configuration has occurred, so S42 
conditions are required. The nucleophile should be a form of N; (the replacing group) that is a 
weak to moderate base and an excellent nucleophile, and the solvent should be aprotic. 


^Y ^" 


The substrate is a 3° benzylic alkyl bromide, so S41 conditions are required. The nucleophile should 
be a form of CH;CH,CH,S (the replacing group) that is a weak base (preferably neutral), and the 
solvent should be protic. 


CI NaN3, DMF ,N3 


CH3CH2CH2SH, ethanol 
Br ——————— SCH2CH2CH3 


The substrate is a 3° alkyl iodide, so Sy1 conditions are required. The nucleophile should be a form 
of CH;CH;O (the replacing group) that is a weak base (preferably neutral), and the solvent should 
be protic. 


2 CH3CH20H One Hs 

Pe CH3 one: CH3 
The substrate is a 1° benzylic alkyl bromide, so either Sy1 or $42 conditions could be used. For the 
Sy2 pathway, the nucleophile should be a form of (CH3);CHO (the replacing group) that is a 
moderate to strong base, and the solvent should be aprotic. For the S1 pathway, the nucleophile 


should be a form of (CH3);CHO (the replacing group) that is a weak base (preferably neutral), and 
the solvent should be protic. 


Br NaOCH(CH3)2, DMF AS ""*ocH(cHj, 
PA 


(Su2) | 


(Sn1) 


CY 

V 

| Br (CH3)2CHOH So cH (CHa)a 
"P ZA 
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623. Inorder for a nucleophilic substitution reaction to occur, the substrate molecule should have a 
good leaving group (weak base) attached at an sp?- hy bridized carbon atom, and a suitable nucleophile 
should be present. 


a. The chloride ion is a good leaving group, and the iodide ion is an excellent nucleophile. This 
reaction will occur readily. 


CH3CHO + Tr ——- CH3CHI + CF 


b. The bromide ion is a good nucleophile, but the hydroxide ion is a poor leaving group because it is a 
strong base. This reaction will not occur. 


CH3CH)OH + Br^ ——— | CH3CHoBr + OH N.R. 


c. The bromide ion is a good leaving group, and the cyanide ion is a good nucleophile. This reaction 
will occur readily. 


CH,CH,Br + CN. ——®  CH,CH,CN + Br- 


d. The methanethiolate ion is an excellent nucleophile, but the cyanide ion is a moderate base and 
will be a poor leaving group. This reaction will not occur. 


CH3CH2CN + CHS% ———» CH3CH2SCH3 + CN™ N.R. 


624. In the reaction of a primary allylic halide, the S42 pathway is straightforward: the 
nucleophile will react backside at the carbon atom that bears the leaving group, displacing the 
bromide ion. 

The S,2’ process works in a similar way except that the x electrons of the carbon-carbon double 
bond are involved, and it is those electrons that actually react at the backside at the carbon atom 
bearing the leaving group. The nucleophile reacts at the end of the double bond farthest from the 
position bearing the leaving group. 


A S2 E Sn2' 
ZA «. Br " CN P A * ,Br 
S :CNT7 == VONT CN 


625. Inthe Sy2' pathway illustrated in the solution to Exercise 6.24, the a electrons of the carbon- 
carbon double bond are involved as an "auxiliary" nucleophile. In the Sy1 pathway, a carbocation is 
formed, and resonance delocalization creates two reactive centers: 


( > 
K" -Br a di P Pe 


The nucleophile can react with either resonance form of this carbocation. In this example, water is the 
nucleophile, so the products are isomeric alcohols. 


A ^N 


Solutions to Exercises for CHAPTER T 


SUBSTITUTION REACTIONS OF ALCOHOLS 
AND RELATED COMPOUNDS 


7.1. The substitution reactions of primary alcohols must occur via the Sn2 pathway because a primary 
carbocation cannot be formed under these conditions. The OH group is protonated (step 1), and then the 
bromide ion nucleophile displaces the good leaving group, H20 (step 2). 


ux " "a E "NTC 
cum oO + dB 
CH, ©) CH, H 
CH2(CH2)3CH3 CH2(CH2)3CH3 

á z H 

B ey ———— NGC + HO 
4. 76 de 
CH2(CH2)3CH3 CH2(CH2)3CH3 


7.2. When you see a reaction in which one group has replaced another and the carbon skeleton is 
unchanged, then the reaction type is substitution. If the starting molecule is chiral and the product has the 
opposite configuration at the carbon atom at which the replacement process has occurred, then the 
mechanism by which substitution occurs is Sn2. When the group being replaced is an OH group, then it 
first has to be converted to a good leaving group by a process that occurs with retention of configuration. 
Making an alkyl sulfonate ester is the best way to convert OH to a good leaving group while retaining 
the stereochemistry of the carbon atom to which the OH group is attached. Then, a good nucleophile is 
used in the second step to carry out the substitution process. Because the mechanism is Sn2, the 
nucleophile should be a weak or moderate base and the solvent should be aprotic. 


HO H MsO H H Ng 
: MsCl : NaN; e (e 
— OO —_ > 
NEts, CHCl, DMF 


7.3. PBrs reacts with an alcohol group to replace the OH proton. This step creates a good leaving group 
and generates bromide ion as a nucleophile. If the process is concerted, as shown in the text, then the 
mechanism is Sn2, and the stereocenter undergoes inversion of configuration in the second step. 


+ 
H OH O—P(H)Br, Br 


H 
f PB e 
CP di I3 H., fA a — 4 + O=PHBr> 
© © 
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7.4. When an alcohol reacts with thionyl chloride, the OH group is replaced by a chlorine atom. The 
reaction can be done in the presence of pyridine to remove the HCI that is formed, or it can be heated as 
shown in part (b.) to drive gaseous HCl from the reaction mixture. 


a. SOCL, A Ep 
aA SS SLATE ———— Pasa Q E 
OH ether, pyridine Cl + SOXg)* & ,NH CI 
b. SOCIy, CHCl, A 
“aS ogg uf 9 Mt HOLS) 


7.5. The Mitsunobu reaction occurs via the Sv2 mechanism with primary and secondary alcohols as the 
substrates. The reactants are triphenylphosphine, diethyl diazodicarboxylate, and an acidic reagent HX, 
in which the conjugate base X (shown in color in the following equations) is the nucleophile that replaces 
the OH group of the starting alcohol. In part (a.), X = SCsHs and in part (b.), X = Ns. If the starting alcohol 
is chiral at the carbon atom that bears the OH group, then the configuration of that carbon atom is 
inverted. 


qo PhP, DEAD, THF, 25°C — BS s) 
TE 
. Any ee E 
HN, THF, 25 ras 
Na 


7.6. The substrate molecule in this exercise is a secondary, benzylic alkyl bromide and the nucleophile 
is a weak base, so the Sn1 mechanism will operate in this transformation. An Sn1 reaction occurs via 
dissociation of the leaving group to form a carbocation (step 1) followed by reaction of the nucleophile 
with the cation. When the nucleophile is an alcohol molecule, loss of a proton (step 3) completes the 
mechanism. 


HC Br H 
on io aos A one a 


„e T 
" ‘o Ochs 


M e. A 
OU -$- CO -- OT 


7.7. The intramolecular reaction between an alkoxide (or phenoxide) ion and an alkyl halide generates 
a cyclic ether as the product. In each of the following reactions, the base (hydride ion) reacts with the 
alcohol OH group to generate the anionic nucleophile, and then the substitution step occurs. It is 
important to count the number of atoms correctly so that you draw the correct ring size for the product. 
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7.7. (continued) 


1 
i 2 NaH, DMF heal i 
Ey Sy Per O Br © 


7-membered ring 


1 3 5 
HOW 2 4 KH, DMF Kt O 
“a E M SL Us ——- O + KBr 
5-membered ring 


7.8. In the intramolecular reaction to form an epoxide, the bond between the carbon and oxygen atom 
of the original OH group is not broken, so the carbon atom retains its configuration. The bond to the 
leaving group (bromide ion in these equations) will be broken, so the configuration of the carbon atom 
bonded to the halogen atom will change. The product molecules from the mechanisms are redrawn to 
match the orientation of the molecules shown in the text, confirming the stereochemical results. 


E 
hu d x y ^X se 
E 3 — ES 5 
i H 41 H 9 pow 


pM N á 
vd —M- 2 


H Br H Br H H 


b. 


w 
E 
" 


[e] 
L 
" 


( 
JV 


7.9. In the reactions between alcohols or ethers and the strong acids HI or HBr, the oxygen atom 
becomes protonated (steps 1 and 3) to generate a good leaving group (water in the case of an alcohol and 
an alcohol molecule in the case of an ether molecule). The halide ion is the nucleophile that displaces the 
leaving group if the Sn2 mechanism operates, as in this example (steps 2 and 4). (If the oxygen atom is 
attached to a 2? or 3? carbon atom, then the Sn1 mechanism occurs, which would involve formation of a 
carbocation intermediate.) 


pto OR E Me. ^i 


CH4CH;— O— CH;CH(CH3); I CHCH, =O¢ = 
CH,CH(CHg, (2) 


, llis — A 
H—I * 
CH3CH2-—I HO- CH;5CH(CH3)5 oO HO FFCCH) | Ąą I—CHCH(CH3)2 + H20 


© 


7.10. Iodotrimethylsilane reacts with the oxygen atom of an ether molecule to produce a good leaving 
group. The silicon-iodine bond is polarized in such a way that the silicon atom is electrophilic. The 
ether oxygen atom is the nucleophile and reacts with the trimethylsilyl group, displacing the iodide ion 
(step 1). In the second step of this sequence, the iodide ion nucleophile reacts at the aliphatic carbon 
atom adjacent to the oxygen atom to displace the leaving group. A reaction does not occur at the sp?- 
hybridized carbon atom of the benzene ring, so only one carbon-oxygen bond of the original ether 
linkage is cleaved. 
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7.10. (continued) 


NEE OQe = OT 
- CH3CN b M G " 


©) Si(CH3)3 $i(CHs)s 


7.11. When the azide ion (or any good nucleophile) reacts with a symmetrical epoxide ring, reaction 
can occur at either carbon atom. As shown in the equations below, the two products are enantiomers, 
which means that a racemic mixture is formed. Ring opening is accompanied by proton transfer from 
water (the solvent) to generate the alcohol OH group. 


7.12. In the first step of this reaction, the oxygen atom of the epoxide ring is protonated. This cationic 
intermediate is in equilibrium with a partially-opened form that places a positive charge on the more 
highly-substituted carbon atom. 


" H 
O? O+ ,OH 
(s) / _ = "a /X g CH3CH2-, 5,7. | 
Po ——- wet, d= c—C,,,, 
CH3CH?" / ©) CH3CH,""/ VCH H” NH 
H H H Ci- 


The chloride ion can react in the next step either at the less highly-substituted carbon atom, which is less 
hindered (step 2a) or at the carbon atom with the positive charge (step 2b). The products are structural 
isomers. 


+8 > HO Hay 
A D oF Ua 
CH4CHz "7 V"H —Z—'" oou N 
H H H CI 
@ OH CH3CH5 o 
CHsCHo., t, | Hen / 


7.13. Lithium aluminum hydride reacts by transferring a hydride ion (H with the two electrons in its 
bond to aluminum) to the less-hindered carbon atom of the epoxide ring. The resulting alkoxide ion is 
protonated (step 2) by the acid added during workup. Because the product has two methyl groups 
attached to the carbon atom that was originally chiral, the product molecule is achiral. 
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7.13. (continued) 


H 
H—AL L 
n 
EM" HC . 
é H "s Li 
x S + AIH 
CH; Q CH; : 


achiral 


7.14. In the Mitsunobu reaction, the alcohol, the nucleophile (in its acid form—a thiol group in this 
case), triphenylphosphine, and diethyl diazodicarboxylate (DEAD) all react to convert the alcohol OH 
group into a good leaving group and to generate the nucleophile in its conjugate base form. In the 
second step, the thiolate ion reacts to displace the leaving group, triphenylphosphine oxide. This step 
creates the six-membered ring product. If the carbon atom bearing the leaving group is chiral, it will 
undergo inversion in the Mitsunobu reaction. 


" VM Ph3P, DEAD 
LA J —————. 


T2 S + HN—NH 
-— Ph3P~ 3 e" / K 
: EtOOC COOEt 


CH, ©) H CH; 


es CH 
* o0 S — (8) 
stt 
H \CH, Q "B 


7.15. Both of the given reactions are examples of the Sn2 reaction. 


a. The triethylamine first reacts with the thiol to product the triethylammonium salt of the thiolate ion. 
This nucleophile displaces the tosylate leaving group in the substrate molecule. Because the 
substrate molecule is chiral, inversion of configuration occurs. 


O (R) 
SH (CH,CH;N C. 
ub. EL LZ m ——- S * TsO- 
THF Sou ua." ud 
H "cH, 


b. The thiolate ion is already present, so it displaces the chloride ion leaving group. The reactant 
molecules are achiral, as is the product molecule. 


"up". CN 
GOGO S 
( yine Sala aua. het ail T - 
DMSO 
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7.16. This reaction occurs as shown in the text for the methylation of phosphatidylethanolamine. In this 


exercise, the nucleophile is the amino group of norepinephrine. This amino group reacts at the methyl 


carbon atom of S-adenosylmethionine, displacing S-adenosylhomocysteine as the leaving group. The 


mechanism is Sn2. 


NH; NH; 
` 
¢ J e ES j 
Org Y "p — CH2 
HO OH OH HO OH OH 
H2 un CH3 
HO HO H 
OH OH 
Norepinephrine Epinephrine (Adrenaline) 
7.17. Follow the procedures outlined in the solution to Exercise 1.29. 
2-Methyl-2-hexanethiol 
hex 6 carbon atoms HS CH; 
an no double or triple bonds à å 5 
thiol SH group (thiol) at C2 2 4 6 
2-methyl CH3 group at C2 


Cyclobutyl methanesulfonate 
methanesulfonate — -OSO:xCH5 group 
cyclobutyl this is the group attached to the - OSOzCHs 
group through the oxygen atom 


trans-2-Phenyl-1-cyclohexanethiol 


cyclohexane a saturated ring with 6 carbon atoms 1 SH ‘ 

thiol SH group (thiol) at C1 Q n LG 

2-phenyl phenyl group at C2 2" CeHs ; CeHs 
Isobutyl phenyl sulfide 

sulfide a sulfur atom with two organic groups attached 

isobutyl (CH3)2CHCH»- group shoe 

phenyl C6H5- group oO 


7.18. Follow the procedures outlined in the solution to Exercise 1.17. 


This compound has the alcohol functional group in a carbon chain, so the name ends in "—ol." The 
longest carbon chain has five carbon atoms, so the root is pent-. There are no carbon-carbon double 
or triple bonds, so the multiple bond index is -an— pent/an/ol = pentanol. 

The position of attachment for the thiol group (as a 
substituent, -SH = mercapto) is C4, and the configuration of 1 
this chiral carbon atom is (S). The name of this molecule is HO 
(S)-4-mercaptopentanol. 
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7.48. (continued) 


b. This compound is a saturated cyclic sulfide (five-membered ring) so the root word is 
thiacyclopentane (see Section 7.3b). 
Numbering begins with the sulfur atom and goes in the 5 
direction that gives the lowest possible number to the s1 
substituent. An isopropyl group is attached at C3, and the 
name of this molecule is 3-isopropylthiacyclopentane. 


c. This compound is a derivative of aniline; the position of attachment of the amino group defines C1. 
Numbering goes in the direction that gives the lowest possible numbers to the substituents. 
A mercapto group (-SH) is attached at C2 and a chlorine 


atom is attached at C4. The substituents are added to the root 1, NH2 
word in alphabetical order. The name of this molecule is 4- SCL 
chloro-2-mercapto-aniline. Cl” 4 2 SH 


3 


d. This compound is a thiol with six carbon atoms and a double bond: hex/en/thiol = hexenethiol. 
The chain is numbered to give the principal function 


group the lowest possible number, so numbering begins at SH 
the right end of the chain. The double bond therefore begins SE ROM 
at C4 and a methyl group is attached at C2. The geometry of oO 2 


the double bond is trans or (E), so the name of this molecule 
is trans-2-methyl-4-hexene-2-thiol or (E)-2-methyl-4-hexene- 
2-thiol. 


7.19. The Williamson ether synthesis makes use of the reaction between an alkoxide (or phenoxide) ion 
and an alkyl halide. For Sn2 reactions, the alkyl halide must be methyl, 1°, or 2°. It cannot be 3° or aryl. 
To decide which combination of reactants to use, determine the types of carbon atoms attached to the 
oxygen atom. If at least one of those carbon atoms is methyl, 1°, or 2°, then the corresponding alkyl 
halide (bromide in the molecules below) can be used as one reactant, and the alkoxide (or phenoxide) ion 
that corresponds to the remainder of the molecule is the other reactant. If there is a choice as to which 
alkoxide ion to use, then the combination with the less substituted alkyl halide is preferred. 

The alkoxide (phenoxide) ion in each reaction is formed by treating the corresponding alcohol or 
phenol with NaH in DMF. 


Alcohol or phenol required 
a 20 CH3 methyl 


hw M — "ro. * DIU 
WK = Pin di "i m 


gov cL Ie 


OH 


JP i 
Je 


OH 


D 
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7.20. The sulfide ion is a potent nucleophile, and it reacts with an alkyl halide to replace the leaving 
group (bromide ion in this reaction). The resulting thiolate ion is also a potent nucleophile, so it reacts 
with another equivalent of alkyl halide to form the dialkyl sulfide product. 


^ Ler QM NS SS * Br 


7.21. The course of this transformation is analogous to the reaction between an amine and an alkyl 


halide. The first product, a thiol, is formed by replacement of the bromide ion by HS-. 


17 Nm Br 1/3 SH- E 1/5 Nm TSH + 173 Br- 


This thiol product can undergo an acid-base reaction with the original nucleophile to form an 
alkylthiolate ion, which itself is a good nucleophile. This acid-base reaction occurs because the pKa of a 
thiol is about 10, which is nearly the same as the pKa value for HS. 


py NN_LSH + 1SH- NANS + Tl HS 


The alkylthiolate ion then reacts with the original alkyl halide to form the dialkylsulfide. 
5 See di ©) BRAAS AA EB 


Overall: 


THF 
wagy * SH- ~~ S^ +t Ih HS + Br- 


7.22. Potassium thioacetate, KX -SCOCH,;, reacts as a nucleophile with an alkyl halide (bromide in the 
following equation) to form a thioester, R-SCOCH;, which is readily hydrolyzed with dilute, aqueous 
KOH solution. When treated with aqueous acid in a second step, the thiol, RSH, and acetic acid are 
formed. 


fe) 
Il 1. KOH, H20 
RBr + KSCOCH; ————»- Rv C. —————— —- RSH + CHCOOH 
CH3 2. H30* 


The Mitsunobu reaction can be used to form the thioester, too. Hydrolysis and aqueous acid workup 
yield the thiol and acetic acid. 


[e] 
PhP, DEAD Il 1. KOH, H20 
ROH —L————» R Ma 
+ 
CH3COSH S CH3 2. H30 


RSH + CH3COOH 
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7.23. Fora substitution reaction to be viable, two features are required: a good leaving group attached 
to an sp*-hybridized carbon atom and a nucleophile. An Sn2 process occurs with 1° and many 2° 
substrates. A chiral center in a secondary alkyl halide undergoes inversion of configuration. An Sn1 
reaction occurs most readily with 3° substrates (and 2° substrates in solvolysis processes). The 
stereochemical outcome of an Sn1 reaction is racemization. 


a. The OH group is converted to a good leaving group (mesylate ion) by the first reaction in this 
sequence, and formation of this alkyl sulfonate ester proceeds with retention of configuration. Azide 
ion replaces the mesylate group in the second step. This is an Sn2 reaction (strong nucleophile, 
aprotic solvent), so inversion of configuration occurs. 


(S) 1. CH3S0,Cl, NEts, CH;CI (R) 
andis: Nodbuk ut rem amd a RN F nda: inversion 
HO H 2. KN3, CH3CN H N3 


b. Ethers are cleaved only under conditions in which a good leaving group can be formed. HI and HBr 
are two common reagents that promote cleavage of carbon-oxygen bonds in ethers. No stereogenic 
carbon atoms are present in this transformation, so stereochemistry is not an issue. 


HI, A 
Hac ^ cH,cH,cH, — — CHa! + CH3CHCH3l both achiral 


c. The alcohol OH group is converted to a good leaving group with strong acid. Bromide ion (the 
conjugate base of HBr) is a good nucleophile, so it replaces the leaving group, a water molecule. No 
stereogenic carbon atoms are present in product, so it is achiral. 


HBr, H2SO4, ^ 
py" NL Lu. pw achiral 
OH Br 


d. Epoxide rings are opened by good nucleophiles at the less highly-substituted carbon atom. The 
chiral carbon atom in the substrate does not change its configuration because none of its bonds are 
broken during the transformation. 


H H H 


1. NaNs, DMF " 
SA" > Pho S) LIN retention 
PhCH; E 3 


: 2. H,0* 
$ " H OH 


T 


e. In the Mitsunobu reaction, an alcohol molecule, a nucleophile (in its acid form —a carboxylic acid in 
this case), triphenylphosphine, and diethyl diazodicarboxylate (DEAD) all react to convert the 
alcohol OH group to a good leaving group with formation of the nucleophile in its conjugate base 
form. In the second step, the carboxylate ion (nucleophile) replaces the leaving group. The carbon 
atom attached to the leaving group is chiral so it undergoes inversion with respect to its 
configuration. 


Hec i PhP, DEAD CeHsCOO (8 CH}CH2CH;CHs 
——H— o 


X K 
HaC x CHCOOH H,c \ 


H inversion 


f. Bromide ion is attached to a carbon atom that has sp? hybridization. Aryl and vinyl halides do not 
undergo Sx1 and Sn2 reactions. The answer is “N.R.” 
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7.23. (continued) 


g- The alcohol OH group is replaced by chlorine when the alcohol is heated with thionyl chloride. This 
alcohol is achiral, so stereochemistry is not an issue. 


SOClo, A 
— 
HO cl achiral 
CH3 CH3 


h. This is an example of an intramolecular Williamson ether synthesis (see the solution given for 
Exercise 7.7). No stereogenic carbon atoms are present product, so it is achiral. 


OH 
we NaH, DMF ,. H Eip: achiral 
Br 9 


H3C H3C 


7.24. In the Mitsunobu reaction, an alcohol molecule, a nucleophile (in its acid form), 
triphenylphosphine, and diethyl diazodicarboxylate (DEAD) all react to convert the alcohol OH group 
into a good leaving group with formation of the nucleophile in its conjugate base form. In the second 
step, the nucleophile replaces the leaving group. If the carbon atom attached to the leaving group is 
chiral, its configuration undergoes inversion. 


a. The nucleophile is an alkylthiolate ion. Inversion of configuration occurs. 


OH _ PhP, DEAD, CH3CH2CH2SH OR aia 
(R) (S) 


b. The nucleophile is a carboxylate ion. Inversion of configuration occurs. 


COC gHs 
OH PhP, DEAD, CgH;COOH 


— PhP, DEAD, CeHsCOOH p o 
A Pe P uat 
(R) A (S) 4 


7.25. When an alcohol is treated with a strong acid such as phosphoric acid, protonation of the oxygen 
atom will ocaur in the first step. If the alcohol is 3° or benzylic, then a molecule of water dissociates in 
the second step to generate a carbocation. For this molecule, two benzylic alcohol groups are present. 
The one that reacts faster is the one that can form the more stable carbocation. 


CH t H 
65 65 + Cc Hs 


CcHs CcHs 


Once the carbocation forms, the other alcohol OH group functions as a nucleophile to intercept this 
positive center (step 3) and deprotonation (step 4) completes the sequence. 


OH 
+ JH 
“A 
CH5 > Oo BHO o + H,0* 
( 3) Cc ( 4 ) CH 
+ "CgHs sHs M5 
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7.26. In the substitution reactions that occur in biochemical systems, the phosphate or diphosphate ion 
often functions as a leaving group. The fact that the diphosphate ion (also called "pyrophosphate ion") is 
replaced by the nitrogen atom of the amine tells us that the nitrogen atom acts as the nucleophile in this 
transformation. Therefore, we write the mechanism as follows. In step 1, the pyrophosphate ion 
dissociates to form a resonance-stabilized carbocation. 


soL VA "e 4 
+ CH3 \ CH; N 
Le—02 


LG = (PO,-0-PO;)* resonance-stabilized allylic carbocation 
- 2-9-FU3 


After substitution occurs (step 2), an acid-base reaction occurs to form the neutral amino group (step 3). 


"d ye HOOC xd y pag / 
wu —— Y 
HOOC CNN Hooc^ N+ \ © Hoo " 
7N? " 
H H 
A base 


Configurations of the stereocenters in Domoic acid: 


7.27. In order for a nucleophilic substitution reaction to be facile, the substrate must have a good 
leaving group, and a good nucleophile must be present. The structure of the substrate and/or 
stereochemistry of the transformation will often suggest which mechanism (Sw1 or Sn2) has to operate. 


a. This transformation begins with a primary alcohol, so Sn2 conditions are required. The nucleophile 
is the carboxylate ion (look to see what group replaces the OH group), so a Mitsunobu reaction 
should be employed. 


b dicum 


b. This transformation starts with a tertiary alcohol, so Sn1 conditions are required. The nucleophile 
must be a weak base (probably neutral with respect to its charge), so a thiol molecule will be used to 
form the sulfide product. First, however, the alcohol OH group has to be converted to a good leaving 
group. Use of HX (X = Cl in this case) will convert the alcohol to the corresponding alkyl chloride. 
Then, a thiol is used to form the product. 


OX 1. HCI OX 2. CH4CH5SH, EtOH [m 
————- ee 
CH3 CH3 CH3 


Ph3P, DEAD, PhCOOH, THF 
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7.27. (continued) 


c. This transformation starts with phenol. The OH group of the phenol is attached to an sp*-hybridized 
carbon atom, so it does not participate in either Syl or Sn2 reactions. Therefore, the phenol must be 
the nucleophile and it will react with an alkyl halide. This is an example of the Williamson ether 
synthesis. The phenol is first converted to the phenolate ion, and then it reacts with 2-bromopropane 
to yield the product. 


OH 1. NaH, DMF OCH(CH3)2 
— 
O 2. (CH3);CHBr CT 
d. This transformation begins with a secondary alcohol, so either Sn1 or Sn2 conditions can be used. 


However, the stereochemistry of the carbon atom bearing the OH group is inverted, so Sn2 
conditions are required. A Mitsunobu reaction is employed using HN3 as the acidic component. 


OH Ph3P, DEAD, HN3, THF N3 
al ee See — AM, — SN 


7.08. The reactions of epoxides with acids begin with protonation of the oxygen atom (step 1). If the 
nucleophile is weak or unreactive, then the ring can first open to form a carbocation. Formation of this 
carbocation (step 2) creates a more reactive center at the more highly-substituted carbon atom, and the 
nucleophile can subsequently react there. If the nucleophile is a good one, then it is likely to react with 
the epoxide ring before (or at the same time) the ring is opened; this pathway occurs at the less highly- 
substituted carbon atom (step 3), because that one is less hindered. 


+ 
B ger CH3 OH 
CHs—< | ———— XJ 
O) H 
H Nuc 


+ 

CH, (SOH Tae ue 

X] ——- OH —— X Lon 
ü © CH% + CH; 


- H OH 


XB Nuc^ Mr 
Nuc 
AD e 


In the given reactions, methanol is a weak nucleophile and chloride ion is a good one. Thus the reaction 
with methanol occurs predominantly via pathway 2 (above) and the one with chloride ion occurs more 


likely via pathway 3 (above). 
HCI H, Cl H OH 


H;O CH; CH; 
[o 


cH — | Minor Major 


CH,OH HOCH H OH 
X on MK ots 


H3PO, CH3 CH; 
Major Minor 
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7.29. In order for a substitution reaction to be viable, two features are required: a good leaving group 
attached to an sp?-hybridized carbon atom and a nucleophile. An Sn2 process occurs with 1° and many 2° 
substrates. A chiral center in a secondary alkyl halide undergoes inversion of configuration. An Sn1 
reaction occurs most readily with 3' substrates (and 2' substrates in solvolysis processes) The 
stereochemical outcome of an Sw1 reaction is racemization. 


a. TheSH group is first converted by its reaction with NaH to the corresponding thiolate ion. The alkyl 
chloride is the substrate with the good leaving group. Therefore, the thiolate ion replaces the 
chlorine atom to give a sulfide product. No stereogenic carbon atoms are present in this 
transformation, so stereochemistry is not an issue and the product is achiral. 


EL. X NaH, DMF 
"m Pee achiral 


pg (CH3);CHCI 


b. Alcohols react with HBr, and the OH group is replaced by a Br atom. No stereogenic carbon atoms 
are present in this transformation, so stereochemistry is not an issue. 


c. Anether molecule reacts with iodotrimethylsilane and undergoes cleavage. Because a methyl group 
reacts the fastest among organic substrates with nucleophiles, methyl iodide is one product and the 
trimethylsilyl group remains attached to the oxygen atom. 


Bi CI (o A 
pos QUEM. Si(CH3)3 + CHjI 
CH3CN i 


both achiral 


d. Epoxides are opened at their less highly-substituted carbon atoms by reactions with good 
nucleophiles. Both carbon atoms attached to the oxygen atom in the starting epoxide of this exercise 
are chiral; the more highly-substituted carbon atom in the substrate does not change its configuration 
because none of its bonds are broken during the course of the transformation. The other center—the 
one at which the nucleophile reacts — undergoes inversion of configuration. 


(R)CH Hie 
Che 3 CH3SNa, CH3SH GE retention 
——————————— 
A methanol 
(S) H 
$ CH; MM nn 


e. Formation of an alkyl sulfonate ester from an alcohol proceeds with retention of configuration at the 
carbon atom attached to the OH group because only the O-H bond of the substrate molecule is 
broken. The tosyl group replaces the proton of the OH group. 


de ind TsCI, pyridine d ibd m. 
* SSS 2 rete 
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7.29. (continued) 


E 


A primary alkyl sulfonate ester reacts with a good nucleophile via the Sv2 mechanism. Iodide ion 
replaces the mesylate group in this transformation. 


Nal 
pu —- pun sua 


acetone 


Ether molecules are cleaved only under conditions in which a good leaving group can be formed. 
HBr is commonly used to cleavage the carbon-oxygen bonds in ether molecules. No stereogenic 
carbon atoms are present in this transformation, so stereochemistry is not an issue. Only the bond 
between the oxygen atom and the methyl group is cleaved. The other bond to oxygen comes from a 
carbon atom with sp? hybridization. These bonds are not broken in either Sn1 or Su2 reactions. 


OCH; OH 
HBr, A " 
— + CH3Br both achiral 
CI CI 


In the Mitsunobu reaction, an alcohol, a nucleophile (in its acid form—a thiol in this case), 
triphenylphosphine, and diethyl diazodicarboxylate (DEAD) all react to convert the alcohol OH 
group to a good leaving group and to generate the nucleophile in its conjugate base form. In the 
second step, the thiolate ion (nucleophile) replaces the leaving group. No stereogenic carbon atoms 
are present in this transformation, so stereochemistry is not an issue. 


Ph3P, DEAD 
Su SUIS — Á— > own ws > 
OH SCgHs achiral 


C,HsSH 


7.30. This transformation is the same as the one used for the cleavage reactions of ethers (see the 
solution given for Exercise 7.10). Iodotrimethylsilane reacts with the oxygen atom of the alcohol to 
produce a good leaving group (step 1). In the second step, the iodide ion nucleophile reacts at the 
aliphatic carbon atom adjacent to the positive-charged oxygen atom to displace the leaving group. 


MT be: en 
dr todir r^ de D x d iuit + (CHj),SiOH 
"E Q qu o ff 


I 


Solutions to Exercises for CHAPTER 8 


ELIMINATION REACTIONS OF ALKYL HALIDES, 
ALCOHOLS, AND RELATED COMPOUNDS 


8.1. When an alcohol molecule is heated with a strong acid such as H2SOs or H3PO:, dehydration (loss 
of water) takes place to produce the most stable alkene that can be formed. Any one of the hydrogen 
atoms attached to the carbon atoms adjacent to the one bearing the OH group can be removed to form the 
double bond. Alkene stability follows these general trends: 


e more highly substituted > less highly substituted 
* trans > cis and (E) > (Z) 
e endocyclic (inside the ring) > exocyclic (outside the ring) 
In rings with fewer than nine atoms, a double bond can exist as only one isomer (the bonds that are in the 


ring are cis). In an acyclic compound, both (E) and (Z) isomers are likely with the (E) isomer normally 
predominant. 


a. Ph 
———— Ph 
OH 


b. —— — 
ud da 


Major (E) 2 


8.2. As noted in the solution to Exercise 8.1, a molecule of water is eliminated when an alcohol is heated 
with strong mineral acid. Any of the hydrogen atoms attached to the carbon atoms adjacent to the one 
bearing the OH group can be removed to form the double bond. The major product in this exercise is the 
one with the most highly-substituted double bond, compound A, below. 


M H H 
AN, em a 
H H H 
b c 
H HH H Major H 

+ 

—+ LLI- 
Ha (R) H (S) H 

A B c 


tetrasubstituted trisubstituted trisubstituted 
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8.. The amount of heat evolved during hydrogenation of an alkene double bond is inversely 
proportional to the stability of the double bond undergoing addition. Stability follows the following 
order: tetrasubstituted > trisubstituted > disubstituted > monosubstituted. Also: 

e trans > cis 

* (E)>(Z) 

e endocyclic (inside the ring) > exocyclic (outside the ring) 


Hee ee QNS TIEN 


trisubstituted (E) trisubstituted (Z) disubstituted monosubstituted 


e —————— — —— ———— increasing stability 


increasing amount of heat evolved during hydrogenation —————35»- 


8.4. For compounds that have an exocydic double bond, the attached alkenyl group is treated as any 
substituent. Its name is made by appending the suffix "ylidene" to the name of the corresponding alkyl 
group root (eth — ethylidene; prop — propylidene, and so on). When the exocyclic double bond has 
only one carbon atom outside the ring, the substituent name is “methylene.” An exocyclic double bond 
is sometimes required to be classified as (E) or (Z), too 


a. This compound has seven carbon atoms in the ring, and there are 
no double or triple bonds within the ring. The root word is 
cycloheptane. 

The exocydic double bond is connected to a single carbon atom, 
so the substituent is “methylene,” and its point of attachment cl 
defines C1 of the ring. A chlorine atom is attached at C2, which has 
the (S) configuration. The name of this molecule is (S)-2-chloro-1- 
methylenecycloheptane. 


b. This compound has five carbon atoms in the ring, and there are no 
double or triple bonds within the ring. The root word is f 
cyclopentane. 
The exocyclic double bond is connected to a two-carbon 
fragment, so the substituent is “ethylidene.” The name of this 
molecule is ethylidenecyclopentane. 


c. This compound has six carbon atoms in the alicyclic ring, and there 
are no double or triple bonds within the ring. The root word is 
cyclohexane. 

The principal functional group (alcohol) defines C1 of the ring. Ho. ! A. 3 

The exocyclic double bond is connected to a carbon atom that bears " 
the phenyl ring, so the substituent is "benzylidene." The double 
bond has the (E) geometry, so the name of this molecule is (E)-3- 
benzylidenecyclohexanol. 


8.5. The dehydrohalogenation reaction of the 2° alkyl halide shown in this exercise proceeds via the E2 
pathway: The substrate is an alkyl halide that has a proton attached adjacent to the carbon atom bearing 
the leaving group, and the reaction conditions include strong base and heat. An E2 reaction requires that 
the proton to be removed is anti to the leaving group. 


CHAPTER 8 / ELIMINATION REACTIONS OF ALKYL HALIDES AND RELATED COMPOUNDS 123 


8.5. (continued) 


Start with the given conformation, and then rotate the carbon atom on the right side of the molecule 
through the various angles. A staggered conformation is required so that the substituents are anti to each 
other. 


"TA H oH HaC P "Ae 
3C. Cz 3 3 aC we 
Xto b e Ne d. 
yF X y xXx" y X 
r H Br CH3 
0° 60° 180° 300° 


The conformation having the proton and leaving group anti (shown in the box directly above) is the one 
that undergoes the E2 reaction. In this conformation, the proton is removed by base, which causes the 
movement of electrons that displace the leaving group. The product is the (Z) alkene. 


Hi /2 Ph CH3 
c—oC,,,, 
öf F- -— v m T M 
aoi 


8.6. The reaction in this exercise proceeds by an E2 pathway: The substrate is an alkyl halide that has 
protons attached to the carbon atoms adjacent to the one with a leaving group, and the reaction 
conditions include strong base and heat. The E2 reaction of a bromocyclohexane derivative requires that 
the proton and leaving group be trans to one another as well as diaxial. Therefore, the given substrate 
must first undergo a ring flip so that the reactive groups assume the proper orientation (shown in color, 
below right). 


H H H 
„Br OH 
l - Br, H 
T = CH3 
'H X H 
CH3 H Br 


After the correct orientation is achieved, the axial proton is removed by base, which causes the 
movement of electrons that displace the leaving group. 


H^ ^ 
OH 


+ HO + Br 


Br 


8.7. As shown in the solution to Exercise 8.6, you first have to look at the possible conformations that 
orient the H and Br atoms in the axial positions trans to each other. For the cis-1-bromo-4-tert- 
butylcyclohexane molecule, the most stable conformation already has the bromine atom in the axial 
position. Recall that the tert-butyl group is always equatorial (Section 3.3c). Elimination is therefore 
facile. 
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8.7. (continued) 


co 
a -O-t-Bu H 
a = AMOR, 
H 
H H H 


cis-1-Bromo-4-tert-butylcyclohexane 


For the trans isomer, a ring flip has to occur first in order to place the bromine atom in the axial position. 
The tert butyl group prevents a ring flip from happening, however, so a less stable boat conformation has 
to form so that the reaction can proceed. Energy is required to create this boat conformation, so the 
overall transformation— the E2 reaction — proceeds more slowly than it does for the cis isomer. 


H ug " 
MPRPS a em 
" S 
H H H ÀJ H » 


trans-1-Bromo-4-tert-butylcyclohexane 


8.8. The course of dehydration can be different under acidic and basic conditions, as illustrated by the 
reactions in this exercise. If an alcohol molecule is first converted to its alkyl sulfonate ester derivative, a 
base can be used for the elimination process, which provides more control of stereochemistry (and 
sometimes regiochemistry) because the proton and leaving group must be anti. This fact accounts for the 
possible formation of the less stable alkene isomer under E2 conditions. 


E uu 
/ “CH; 


C.H EL. n Phy - — ox Ti + H20 + OTs- 
| pyridine H3C "a ethanol "Ti H 
OH OTs 


(2) 


When dehydration is carried out under acid conditions, a carbocation is formed, so besides elimination, 
rearrangements of the carbon framework can occur. Shown below is the direct elimination reaction (no 
rearrangement). 


H Fi H CH H ph 
CH; HsPO “I CH -H,O 7 
br mU - Cw cH 2 » e. c" cts 
om @ l 


ES Ho os la E) h + H,0* 
t @| 


Even when rearrangement occurs, as shown in the following equation (step R), the E isomer is formed. 


CHAPTER 8 / ELIMINATION REACTIONS OF ALKYL HALIDES AND RELATED COMPOUNDS 125 


8.8. (continued) 


H3 CH3 


C 
| 
+ CH 
Oro Os Oy 
I ® JL I 


2° carbocation 3°, benzylic carbocation (E) 


8.9. When a vicinal dihaloalkane is treated with strong base, an alkyne forms if there are also two 
hydrogen atoms attached to the same carbon atoms. The base in this exercise also deprotonates the 
carboxylic acid groups (shown with dashed arrows in step 1a). Sulfuric acid is added in the second step 
to protonate the carboxylate groups, which yields the neutral diacid product. 


ae - 


f Serr o \ OH- 
P „C—C ——- c= ———» ~-00c—c=c—coo- 
Hooc"/ Vy ethanol — (7 ethanol 


| MEN 
do Br © Br COO © | 80, 


HOOC—C=C—COOH 


8.10. The conjugate base of the acid reagent is bromide ion, which can react with the respective 
carbocation centers or with a proton attached adjacent to the respective carbocations, which leads to 
formation of a x bond in each case. As in Exercise 8.8, either carbocation leads to formation of the same 
alkene product when elimination occurs. 


Substitution products 
H H CH 
CH = CH3 + CH3 - 3 
+H H H 
Br H 
2° carbocation 3° carbocation 


Elimination products 


vus. C " CH; +-CH3 7 CH3 
Br Br 
Om —- (X *- ORT CL 
+H H H H 
H 


2° carbocation 3° carbocation 
8.11. Follow the procedures illustrated in Examples 8.3-8.5. 
a. The starting compound is a 3° alkyl sulfonate ester and the reagent is a strong base. The elimination 


pathway will therefore predominate. The substitution product will not be observed to an appreciable 
extent in this reaction. 


CH3 NaOCH3 
———— CH3 
OSO CH3 DMSO 
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8.11. (continued) 


b. The starting compound is a 1? alcohol, and the reagent is a strong mineral acid with a good 
nucleophile as its conjugate base. The substitution product will predominate. 


NOH HA 


LPP" ( + 2S ) 

c. The starting compound is a 3° alkyl halide, and the reagent is a weak base in a protic solvent. These 
conditions are ideal for the Sn1 pathway. Some elimination product will be formed because the Sn1 
and E1 mechanisms are linked. If elimination were desired, a strong base would have been used as 
the reagent. 


wu DE. SEM. di dnm. diis di 
CH40H 
major 


8.12. All of the elimination reactions shown in Table 8.3 require the presence of a basic site in the 
enzyme that catalyzes the reaction. If the substrate is an alcohol, then an acid site is needed to provide a 
proton that makes the OH group a better leaving group. Each of last two entries has a good leaving 
group already present, although the phosphate group may pick up a proton to make it a better one. 


^ 
H HO coo " 
G i eX _ i 4H | Furmarasse _ G3 rho EN ! osi 


RS A -9 ul \, Qo 
H 


Ore coo- 2-Isopropylmalate G3 H;O voa. fov 


z UH dehydratase 


` C C — 
-ooc f KA C=C 


/ 
(CHs),CH "(8 (CHCH H Q 
H 


H COO- Enolase 
Jc—67 c=c 
Hf S 
H H H coo- 
«e 
+ 
H.N Ph Phenylalanine 
3 V iH ammonia-lyase NH3 a jg 
yo-e~ — =c 
sim ] \ 
-00C OOC H 
H 
o HO p 
HO OPO, Dehydroquinate PO, 
di synthase 
-00C o q -OOC o CH 


^ N® OH ney) 


CHAPTER 8 / ELIMINATION REACTIONS OF ALKYL HALIDES AND RELATED COMPOUNDS 127 


8.13. Follow the procedures outlined in the solution to Exercise 1.18. 


H3C 
35 4 $ 3 4 4 
H CH2CH2CH3 H gore ^. 3 CH-CH3 
C—C C—C c=C 
TRAN FX XN. /1 aN 
H H H CH3 H H 
1-Pentene 2-Methyl-1-butene 3-Methyl-1-butene 
1 4 5 1 1 
H3C CH2CH3 H3C H H3C H 
X. ou X. £f \ 
f3 FX /2 3\4 5 /? 3\4 
H H H CH2CH3 H3C CH3 
cis-2-Pentene trans-2-Pentene 2-Methyl-2-butene 


8.14. Follow the procedures given in the solution to Exercise 8.1. If one isomer will predominate, its 
structure is shown below in color. 


a. The trans isomer will predominate. 


OH 
Pact ——: N 4 ~A 
trans-3-Heptene cis-3-Heptene 


b. The trisubstituted alkene will predominate. 


e S * 
OH 
2-Methyl-2-pentene 2-Methylpentene 


c. Only one alkene can form in the six-membered ring. The name of the product derives from the 
parent compound naphthalene. 


Com Of 


1,2-Dihydronaphthalene Naphthalene 


8.15. Dehydrohalogenation reactions proceed via the E2 pathway: The substrate is an alkyl halide with 
protons attached to the carbon atom(s) adjacent to the one bearing the leaving group, and the reaction 
conditions include strong base and heat. An E2 reaction requires that the proton to be removed is anti to 
the leaving group. Therefore, the conformations of the starting compound need to be drawn in some 
cases to check the stereochemical relationships. If protons are attached to more than one carbon atom 
adjacent to the one with the leaving group, then more than one product is likely to form. Draw each 
possible product with a double bond and then choose the one that is most stable (the criteria are listed in 
the solution to Exercise 8.1). 
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8.15. (continued) 


a. Elimination of HX from a molecule with the halogen atom at C1 yields the terminal alkene. 


p Ne i EM s. PO 
Br 
ethanol 1-Hexene 


b. Elimination of HX from a cycloalkyl halide having the halogen atom attached to a 3° carbon atom 
gives the endocyclic cycloalkane preferentially. 


CH; 


KOH CH2 CH3 
———— 
Br * 
ethanol 


Methylenecyclohexane 1-Methylcyclohexene 
major 


c. Elimination of HX from a cycloalkyl halide with the halogen atom attached to a 2? carbon atom gives 
an endocydic cycloalkene. The chair conformations of the starting compound should be drawn to 
make certain that a proton is in the axial position on the adjacent carbon atom(s). Formation of the 
more highly-substituted alkene will predominate if more than one isomer can form. 


CH; KOH CH3 CH3 
H — r + 
ethanol 


1-Methyicyclohexene 3-Methylicyclohexene 
major 


d. Elimination of HX from an unsymmetrical alkyl halide having the halogen atom attached to a 2° 
carbon atom can give multiple products that are structural isomers. The major product has the most 
highly-substituted double bond and the (E) or trans geometry. 


KOH 
2 — » BOF E WOW x Sy 
H ethanol 
cl 
1-Butene trans-2-Butene cis-2-Butene 
major 


e. Elimination of HX from an alkyl halide having the halogen atom attached to a 2° carbon atom can 
give multiple products. The major one has the most highly-substituted double bond and the (E) or 
trans geometry. In this case, the iodine atom is attached to the middle carbon atom, which eliminates 
the possibility that structural isomers will form. 


I 
H KOH 
4 —— Pg, + Sy 
ethanol 
trans-3-Heptene cis-3-Heptene 


major 


8.16. Questions about rates of competing reactions require that you consider the possible conformations 
in which a molecule can exist. An elimination reaction carried out under basic conditions requires an anti 
relationship between the hydrogen atom to be removed and the leaving group. The most stable 
conformation of (1R,2R)-1-bromo-1,2-diphenylpropane has the H and Br atoms gauche to one another. 
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8.16. (continued) 


To undergo elimination, this isomer undergoes rotation to a less stable conformation in which the phenyl 
rings are gauche. Because elimination occurs through a conformation other than the most stable one, the 
reaction will be slowed. 


Br H Br Ph Ph Ph 
WA. i Ph (ON ¿ps MU f 
Ph mC (R) ph“ ege ————— c=cC 
\ i. im ZOON 
H CH3 H H H CH3 
rotation about the 
carbon-carbon bond 


On the other hand, the most stable conformation of the (1S,2R) isomer has the bromine and hydrogen 
atoms in the anti orientation already, which is ideal for the E2 reaction. Therefore, it reacts much more 
rapidly than the (1R,2R) isomer does. 


Br Ph P 
(NS ich, i (E) / 
„C—C — —ÜÁÓ€ = 
H“ (R) 
An . N 
el j? : base " i CH; 


8.17. Follow the procedures given in the solution to Exercise 8.3. For the compounds in part (d.), the 
double bond stability is related to ring size. The more strained the ring is, the less stable the double bond 
is because its angles deviate from the ideal angle of 120°. The six-membered ring is the most stable of the 
ones shown, therefore it evolves the least amount of heat during hydrogenation. 


| 455 sp ao fy 


disubstituted disubstituted trisubstituted tetrasubstituted 
exocyclic endocyclic 
SE m 
EN Z ES 
monosubstituted disubstituted disubstituted trisubstituted 
geminal (E) 
& 
disubstituted disubstituted trisubstituted trisubstituted 
exocyclic endocyclic exocyclic endocyclic 
less heat evolved 


(more stable double bond) 
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8.18. Acid-catalyzed dehydration reactions occur via formation of a carbocation intermediate after 
protonation of the hydroxyl group (step 1) and dissociation of a water molecule (step 2). Recall that a 
carbocation may rearrange, which is what occurs during this transformation [step R below]. Elimination 
of a proton from the carbon atom adjacent to the more stable 3° carbocation produces the endocydic 
double bond, which is more stable than its exocyclic isomer. 


Hac H Hac H 
V : V 
N NS -H20 
OH H2504 (Sor, 2 o-CHs 
Q | 
H 
H 
y gH CH2CH3 H2O CH2CH3 
oo © à om m 
| 
H H H 
H 
2? carbocation 3? carbocation 


8.19. Elimination reactions that occur under basic conditions are not normally subject to rearrangement 
processes. All that is required is the presence of a good leaving group and the use of strong base. To 
convert an OH group to a good leaving group, prepare the alkyl sulfonate ester, and then use base to 
promote elimination via the E2 pathway. 


H3C CH3 
\ rag 


Cots 
C... C 
H TsCl, seh pyridine | x H [yo + H20 + OTs- 
E 


8.20. To decide what role a reagent plays in a given reaction, classify the transformation according to its 
fundamental type. If substitution occurs, the reagent is considered to be a nudeophile. A reagent is 
acting as a base if the reaction involves elimination or a proton transfer process. 


a. The following is an E2 reaction, so methoxide ion functions as a base. 


Br CH4O- 
E zzz Elimination 


b. The following is a Sn2 reaction, so methoxide ion is a nucleophile. 


a Sp SS ituti 
A77 ososcF, —— OCH; Substitution 


c. The following is a proton transfer process, so methoxide ion is acting as a base. 


OH E 
CH307 a 
0€— Proton transfer 
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8.21. The mechanism involved in the conversion of an acid chloride to a ketene follows the same course 
as any E2 process. The base triethylamine reacts with a proton attached to the carbon atom adjacent to 
the one bonded to chlorine. Displacement of the Cl leaving group generates the double bond. 


CH; CH 
Hines | 
— dà DNE — C + EtN* CI- 
H4C^ "Cc «A HC^ Sc " 
i ` 


8.22. The mechanism for this elimination reaction is similar to the mechanism observed for 
dehydrohalogenation reactions. The base (methoxide ion) reacts with the hydrogen atom attached to the 
carbon atom adjacent to nitrogen, which bears the leaving group, acetate ion. Displacement of acetate ion 
generates the carbon-nitrogen triple bond. 


Cone 


i = OCH, 
4 w R—CZN + CH,OH + AcO- 
R^ ^H 


8.23. Substitution reactions occur when a substrate molecule has a good leaving group attached to a 
carbon atom with sp?-hybridization, and a good nucleophile is also present. An Su2 process occurs with 
1° and many 2' substrates. A chiral center attached to the leaving group undergoes inversion of 
configuration. The Sn1 reaction occurs most readily with 3° substrates (and 2° substrates in solvolysis 
processes). The stereochemical outcome of an Sn1 reaction is racemization. 

Elimination reactions occur when a substrate molecule has a good leaving group attached to a 
carbon atom with sp?-hybridization, and a strong base is also present. The E2 process occurs with all 
types of alkyl halides and alkyl sulfonate esters. The E2 process requires that the leaving group and the 
proton on an adjacent carbon atom are anti to each other in terms of the molecule's conformation. The E1 
mechanism accompanies the Sn1 mechanism, especially when the base is a poor nucleophile. 


a. In this reaction, a 2° bromocyclohexane derivative is treated with strong base in a protic solvent, so 
the E2 reaction takes place. For this mechanism, both the Br and H atoms must be anti and axial, so a 
ring flip occurs before elimination takes place. 


H Hc 


ie KOH, EtOH, A 
Br = Ü Ho ————————À re n 
CH3 tentio 
CH, 
H 


H 
Br 
b. The leaving group in this substrate molecule is attached to a carbon atom with sp*-hybridization and 
the nucleophile is only a moderate base, so no reaction takes place. 


Br 
KCN, DMF, A 
ai id —————- NR. 


c. This reaction is a substitution process that results in opening of an epoxide ring. The nucleophile 
(azide ion) can react at either carbon atom because the degree of substitution at each is the same. 
The configuration of the carbon atom at which the nucleophile reacts is inverted, and the 
configuration of the other carbon atom is retained. The starting material is meso, which is not 
optically active, so the product must be racemic (overall mixture not optically active). 


132 


8.23. 


ORGANIC CHEMISTRY SOLUTIONS MANUAL 


(continued) 
H3C H3C N3 
Hie (S) CH3 HN3 Hs N3 + H (R) CH3 
A — Á2 m2 e (racemic) 
o & (m Ho Hac” (RY 
H CH; OH 
meso 


In this reaction, a primary, benzylic alkyl chloride is treated with a strong basic nucleophile. There is 
no proton on the carbon adjacent to the one with the leaving group, so elimination cannot occur. 
Substitution therefore takes place. 


CH;CI CH,0-t-Bu 
x KO-t-Bu, t-BuOH Cr er 


In this reaction, a 3° alcohol is treated with strong acid having a poorly nucleophilic conjugate base. 
The E1 mechanism occurs to give the more stable alkene, which has an endocyclic double bond. 


H3PO,, A 
"Q — 2 achiral 


In this reaction, a 2° alcohol is treated with strong acid that has a good nucleophile as its conjugate 
base, so substitution most likely occurs. If this process were meant to be an elimination process, then 
a reagent such as sulfuric or phosphoric acid would have been employed. 


CY m Ty" achiral 
H 


H 


In this reaction, a 2° alcohol is first converted to its mesylate derivative, which reacts in the same 
manner as a 2° alkyl halide. The use of strong base in a protic solvent leads to elimination via the E2 
pathway. Because there are several protons attached to the carbon atoms adjacent to the one with the 
leaving group, the most stable double bond will be formed. Therefore, the disubstituted alkene with 
the (E) geometry is produced. 


pere 1. CH4SO;CI, NEt, fA 
—————— (E) achiral 
on 2. KOH, EtOH, A 
In this reaction a 2° alcohol is treated with phosphorus tribromide, a reagent used for substitution 
reactions to convert an alcohol to a bromoalkane. 


PBr3, A 
—_—_ achiral 
HO Br 


In this reaction, a 2° alcohol is treated with sodium hydride, which generates the corresponding 
alkoxide ion in step 1. This species is a nucleophile and replaces the iodine atom in 1-iodopropane 
via the Sn2 pathway. This is an example of the Williamson ether synthesis. 


à g \ —— à "i Á retention 
2. CH3CH;CHJI 
3* OH — 3"  O-CH;CH;CHs 
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8.23. (continued) 


j- In this reaction, a 3° alkyl bromide is treated with strong base, so the E2 reaction occurs. The Br and 
H atoms in the starting compound must be anti, but the product is achiral and symmetrical at one 
end, so no geometric isomers exist. Because there are several protons beta to leaving group, the most 
highly substituted double bond that can form is generated. 


H CH, 
Ha. ud KOH, EtOH, A HQ PHs 

3 or" “CH2CH3 ——— Ps, achiral 
HaC x HC CH;CH; 


8.4. The reaction coordinate diagram for the dehydration of fert-butyl alcohol reflects the mechanism 
of the reaction, which is shown below: (1) protonation of the OH group, (2) dissociation of a water 
molecule, and (3) removal of a proton to form the double bond. The reaction coordinate diagram should 
therefore have maxima that correspond to the activation barriers for the three steps. 


H3C. H3C H3C H3C 

ae No GH Ne L Ne eso N 

3C—C— caer S m o n» Milk un —Ch3 =Ch2 
© Te ae, © / 

H3C H3C H3C H3C 


e Step 1 is an acid-base equilibrium that lies in the direction of the protonated alcohol, 
which is a weaker acid than sulfuric acid. This first step has a small free energy of 
activation. 


e Step 2 has a large free energy of activation because this step leads to formation of the 
high-energy carbocation intermediate; it is the slow step in the transformation. 

e Step 3 has a small free energy of activation because the carbocation will react quickly to 

form product or to regenerate the protonated alcohol. 

The free energy of the reaction, AG’, is the difference between the energies of the reactants 

and products. 


(CH3)3C+ 
+ H20 


Energy 


(CH3)3C-OH 
+ H2SO4 


(CH3)2C=CH2 


Reaction coordinate 


8.25. If an alkene is to be prepared by an E2 reaction from an organohalide, then possible starting 
materials are conceptualized by adding a hydrogen atom to one end of the double bond, and a bromine 
atom to the other end in each of the two possible orientations (the added atoms are shown in color in the 
following structures). 

Once you have identified the possible starting materials (make certain to consider stereoisomers, 
especially for cyclic compounds), draw structures for the alkenes that will be formed and decide which 
isomer is expected to be the major one. The best starting compounds are shown in boxes. 
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8.25. (continued) 


a. The best way to prepare 1-methylcyclohexene via dehydrohalogenation starts with either 1-bromo-1- 


7 à 
H 
H 

ae: 


methylcyclohexane or cis-1-bromo-2-methylcyclohexane. 


CH3 


Br KOH 
— 
H ethanol 
Vick am H 
KOH 
————— 
ethanol 


KOH [CH 


— 
ethanol 


b. The best way to prepare trans-5-methoxy-2-pentene via dehydrohalogenation starts with 4-bromo-1- 
methoxypentane as the starting material. 


H 
t2 4 5 KOH 
^ OCH; = \A—-ocn,t S 7 ocu, 
ethanol 
H major 
trans-5-Methoxy-2-pentene 
H Br 
KOH 
SS SS a S Sp SS 
OCH; < OCH;* OCH; 
ethanol 
HHHH ~ 50:50 


c. The best way to prepare (E)-3-methyl-3-heptene via dehydrohalogenation starts with 4-bromo-3- 
methylheptane as the starting material. 


H Br 
12 3 567 
É M 4 Mir 
4 ethanol 
CH, H CH3H H 


(E)-3-Methyl-3-heptene 


a ia CH; 


ee 


CH; 


Br CH; 
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8.26. Follow the procedures outlined in the solution to Exercise 8.23. 


a. In this reaction, a 2° alcohol is first converted to its tosylate derivative, so it will react in the same 
manner as a 2° alkyl halide. The use of strong base in a protic solvent implies elimination via the E2 
pathway. The leaving group and the proton to be removed must be arti to each other, and both must 
be in axial positions. Therefore, the disubstituted double bond is formed. 


H 


.OH H4C 
` 1. TsCl, pyridine, -5 °C 3 
CX py! H 2. KOH, EtOH, A sities 


(S) CH3 CH3 
H OTs -" 


b. In this reaction, a 2° bromoalkane is treated with strong base, so the E2 reaction takes place. The 
product with the most stable double bond [disubstituted and (E)] is formed. 


Br 


KO-t-Bu, t-BuOH (E) 
PW — Pe SS N achiral 


A 


c. In this reaction, a 3° alcohol is treated with strong acid that has a poorly nucleophilic conjugate base, 
so the El mechanism occurs. Elimination gives the most stable alkene possible, which is 
tetrasubstituted. 


OH 


- H3PO,, A 
Cp 2 CO = 


d. In this reaction, a 2° alcohol is treated with strong acid that has a good nucleophile as its conjugate 
base, so substitution occurs. There are no protons on the carbon atoms adjacent to the alcohol group, 
so elimination cannot occur anyway. 


-— OO = 


e. In this reaction a 3° alkyl bromide is treated with a good nucleophile that is also a weak base. A 
protic solvent is used so the Snl pathway is indicated. The chiral center in this molecule is not 
attached to the leaving group, so its configuration is not affected. 


I“ 


(S) (S) 
CH3SH, CH3OH 
die die^ , di da^ - — 


f. In this reaction, a 1° alcohol is first treated to form its mesylate derivative. Azide ion is a good 
nucleophile and DMF is an aprotic solvent, so the Sn2 mechanism is likely. The chiral center in this 
molecule is not attached to the leaving group, so its configuration is not affected. 


1. MsCI, NEts, CH;Cl; 
HO ————————- NS retention 
(S) 2. NaN5, DMF (S) 
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8.26. (continued) 


g- In this reaction, a 3° alcohol is treated with strong acid that has a poorly nucleophilic conjugate base, 
so the E1 mechanism occurs. Rearrangement can also take place (see Exercise 8.18 for a similar 
example). Two isomers are formed. An exocyclic double bond is less stable than an endocyclic one, 
but in this case, the exocyclic double bond is tetrasubstituted, so it may form to an appreciable extent. 


H2S0;, A 
———— * both achiral 
d 
OH H 


h. In this reaction a vicinal dichloroalkane is treated with very strong base; a proton is also attached to 
each carbon atom, so two E2 reactions occur to produce the corresponding alkyne. 


CI 
\ à NaNH», THF, A ze 
C^ C. —————— C=C—CH3 achiral 
/ e CH3 
ei H 


i In this reaction, a 2° chlorocyclohexane derivative is treated with strong base, so the E2 reaction takes 
place. The Cl and H are already anti and diaxial, so elimination occurs to form the trisubstituted 
double bond. 


H KOH, EtOH, A A 
> achiral 
CH3 
CH3 


j In this reaction, a 2° alkyl bromide is treated with an excellent nucleophile in an aprotic solvent, so 
the Sn2 mechanism is likely. The carbon atom bearing the leaving group is chiral, so inversion of its 
configuration occurs. The stereochemistry of the other chiral carbon atom is not affected, so its 


configuration is retained. 
inversion 

H H 

H = C6H5 I = ,CeHs retention 
ÉL Nal, acetone NG FA 

A ————- C—C (R) 

nc (Feu cu, ucl CH,CHs 
r 


8.27. Inan exercise such as this, the first step is to summarize the given information by constructing a 


flow chart. 
KOH, ethanol, ^ 
( Nene eC: notoptically active 


A optically active 


H20, methanol 


1. MsCl, NEts, CH2CH 
35 °C ts, CH2CH2 


CH30-, DMF 2. KOH, ethanol, A 


25 °C 


D optically active 

; i 1. NaH, DMF 

D' not optically active -«——————————————————- C not optically active 
2. CH3l 
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8.27. (continued) 


Consider what structures are possible for any compound in the scheme for which you have structural 
information (if there are too many possibilities, you may have to ignore this step). 

In this exercise, we can draw five structures for compound A. 1-Bromo-3-phenylpropane, I, and 2- 
bromo-2-phenylpropane, IV, cannot be opticaly active so we can eliminate them from further 
consideration. 


c^ or o~ o^ o~ 


Next, evaluate the reactions according to the specified conditions. The conversion of A to B is an E2 
process; A to C is an Sn1 process; C to B is an E2 reaction; and A to D is an Sn2 reaction. Compound V is a 
primary alkyl bromide, which will not react via the Su1 pathway needed to convert A to C. Therefore, we 
remove it from further consideration. 

We now draw the structures of the compounds that will be formed via the given reactions from the two 
remaining candidates, II and III. We see that the structures of these compounds match the properties for A 
through D given in the exercise. Compound III is probably a better choice because the solvolysis reaction (A 
to C) occurs under relatively mild conditions, and a benzylic substrate is more likely to react at 35 °C than a 
simple secondary alkyl halide. (The squiggly bond in the structures shown below denotes that the 
stereochemistry is unspecified and the compound is racemic, hence not optically active.) 


ES 
1 : 
Br OH OCH, OCH; 
A B c D' D 
Br OH OCH3 OCH3 
e M 
» ond ond 
A B c D' D 
8.28. We can choose reagents for the given reactions by classifying the type of mechanism that is 


involved. The mechanism in turn is deduced by classifying the reaction type and considering the 
stereochemistry of the transformation. 


a. This is an elimination reaction that starts with an alcohol, and the alkene product shown in the 
exercise is the most stable of three possibilities. Strong acid can be used under E1 conditions. The 
alcohol can also be converted to its alkyl sulfonate ester derivative and subjected to E2 conditions 
(strong base). Either choice is satisfactory. 


H3PO,, A 


ee o SAA 


1. MSCI, NEts, CH 2CH2 


OH —— Ne” 
— 2. KOH, ethanol, ^ 
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8.28. (continued) 


b. Thisis an elimination reaction that forms an alkyne from a vicinal dihaloalkane. A very strong base 
is required. 
Br 


NaNH;, THF, A - 
—————— m — 
Br 


c. This is an elimination reaction that starts with a 3° alkyl halide so E2 conditions (strong base) will 


work. 
d 
Ns aie b did 


d. This is a substitution reaction that starts with a 2? alcohol and proceeds with inversion of 
configuration at the carbon atom bearing the OH group. Therefore, the OH group first has to be 
converted to a good leaving group with retention of configuration (formation of its tosylate or 
mesylate derivative). Then, Su2 conditions are applied (strong nucleophile, aprotic solvent). 


KOH, ethanol, ^ 


OH 1. TsCl, pyridine 
——— 
a i 2. NaSCHs, DMF iig 


e. This is an elimination reaction that starts with an alcohol molecule and produces an alkene product 
that is the less stable of two possibilities. Therefore E2 conditions are needed to control the 
stereochemistry. The alcohol is first converted to its alkyl sulfonate ester derivative, which is then 
subjected to treatment with strong base. 


om 1. MsCl, NEts, CH;CH; om 
———————— 
“OH 2. KOH, ethanol, A 


f. This is an elimination reaction that starts with an alcohol molecule and produces an alkene product 


SCHy 


that is the more stable of two possibilities. Strong acid is required because E2 conditions would yield 
the product shown in part (e.), directly above. 


CH C 
CX 5 H3PO,, A CY Hs 
“OH 


Solutions to Exercises for CHAPTER 9 


ADDITION REACTIONS OF 
ALKENES AND ALKYNES 


Addition of water to a double bond (hydration) 


9.1. The steps involved in hydration of an alkene and dehydration of an alcohol are the reverse of each 
'ow N 
CH CH 
H 
H © | © 


other. 
= CE nr 
ur. of water to form a double bond "Minis 
CH CH 
AES s = [s pe / 2 3 
+ H3PO4 
H 


Differences include: 


e protonation of the double bond versus the OH group in step (1); 
* reaction with a water molecule versus loss of a water molecule in step (2); 
e deprotonation of the OH» group versus deprotonation adjacent to the carbocation in step (3). 


9.2. Hydration of 1,1-diphenylethene occurs by reaction of a proton at the end of the double bond with 
more hydrogen atoms and attachment of the OH group to the more highly substituted end of the double 


bond. 
ri 
———— 


9.3. As shown in the following schemes, the reaction between chlorine and cis-2-butene starts with 
reaction of the double bond with the electrophile CI. The halogen cation creates a bridge between the 
carbon atoms to form a three-membered ring. The cationic intermediate is subsequently trapped by a 
reaction with the chloride ion, which can attach at either end of the cyclic chloronium ion, so racemic 
products are formed. The reaction of trans-2-butene occurs in the same way except that the product is the 
meso isomer. 

Because the starting compounds are achiral an equal mixture of chiral centers with mirror 
configurations has to be created. Thus, the product(s) must either consist of a racemic mixture or a meso 
compound. 
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9.3. (continued) 


cis-2-Butene 
+ 
H3C. CH3 CI CI CH3 H3C Cl 
\ / Clo Hi, / X a6. (S92 JH He (W/ 
C=C — C—C; H eyes S C—C,,, 
/  \ " di c sC/(s à /( N CH 
H H H CI CI H 
racemic 
trans-2-Butene 
H3C H ! 
Ch HaC., / N.H V (Rz 4CHs 
C=C Po 
\ H 
H CH3 


9.4. The reaction between bromine and 2-phenylpropene in water starts with a reaction between the 
double bond and the electrophile, Br. The halogen cation creates a bridge between the carbon atoms to 
form a three-membered ring, and the bridge can form on either face of the double bond (top or bottom). 
The cation intermediate is subsequently trapped by a reaction with water (followed by loss of a proton). 
Reaction with water occurs at the more highly substituted end on the face opposite the one with the 
halogen atom bridge, so racemic products are formed. 


+ 
Br Br CH3 
H., / N {CH3 H20 V (Rg oPh 
,C—OC. «C—C 
H CH3 "d bm (-H*) H \ 
Ds c OH 
= Bro, H2O * 
72 N 2 2 racemic 
H Ph OH 
; c CH3 H20 Haz (S)/ 
et Fa cH 
+ 3 
H Br, Ph (-H ) aif Ph 


9.5. For oxymercuration, the alkene double bond reacts with the electrophilic mercury(II) ion. In the 
second step, a molecule of water intercepts the mercury-bridged intermediate at the more highly- 
substituted carbon atom. Loss of a proton (not shown as a separate step) yields the neutral OH group. 

For the acid-catalyzed hydration reaction, the alkene double bond reacts with a proton to form a 
carbocation intermediate. The hydrogen atom on the adjacent carbon atom migrates so that the initial 2° 
carbocation rearranges to form the more stable 3° carbocation. A molecule of water intercepts the 
carbocation and a proton is lost (not shown as a separate step) to form the alcohol product. 


Oxymercuration/demercuration 


Hg(OAc); F' E NaBH, 
H 


H20 M (-H*) 
(7 HgOAc H OH H OH 


Acid-catalyzed hydration 


py — D teo 2e he 
ZA ———- —- ————A 
\N , H5SO, + 90 (- H*) 

H H 
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9.6. The two-step process of solvomercuration/demercuration results in Markovnikov addition of a 
molecule of alcohol to the alkene double bond, which means that the OR group is attached to the more 
highly substituted end of the double bond. In these reactions, the products are achiral. 


a. 
1. Hg(OAc);, CH3OH 
—————————————————— 


OCH; 
2. NaBH,, H2O 


b. 1. Hg(OAc);. (CH3)2CHOH i 
oo 
Oo 
O 2. NaBHy, HO C- 
9.7. The addition reaction of a second equivalent of HBr to an alkyne is the same as addition of HBr to a 


bromoalkene: the double bond is protonated, which can generate two possible carbocations. In the next 
step, the more stable carbocation is trapped by bromide ion to form the geminal dibromoalkane. 


- EUR T Br H 
Br. / Br- \ LH 
"LC -H ————— Br" C 
Br H A rt N PF X 
N / H—-Br H H 
FOX A. 
R H Brn i^n 
2 
H i ^u 


The 2° carbocation is stabilized by hyperconjugation with the R group, and it is also stabilized slightly by 
resonance delocalization with the electron pairs on the bromine atom. 


n " p 
Br : Br. 
SS = SS 
c—C~— <>» G= 
Z F H P d Ea 
R H R H 


9.8. Hydrogen chloride reacts with a triple bond via steps involving Markovnikov addition. Because 
excess HCl is used, the addition process occurs twice. The proton becomes attached to the carbon atom 
with more protons, which yields the product having a terminal methyl group. 


CI CI 
\/ 


xs HCl 
[omo 2H. 4 
La 


9.9. The reaction of an alkyne molecule with platinum(II) chloride and water yields a vinyl alcohol that 
subsequently tautomerizes to form a ketone. In this case, the alkyne is symmetrical so regiochemistry of 
the addition process is not an issue. 


CH34- CH CHCH 
PICL, H20 3 v 2CH3 CH2CH3 
CHCH?—CŒ=C—CH,CH; = ———> c=c ——=  CH4CH;CH;-C 
THF É Ñ \ 


H OH o 
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9.10. The hydrogen sulfate ion can remove a proton from a carbon atom adjacent to the carbocation 


center. The major isomer results from formation of the more stable double bond (trisubstituted versus 


disubstituted). 


CH; y" * CH; CH3 


jw 7 HSO,- d 
H3C—C—C—C + —  HaC—C—CH-C 


CH3 H CH3 CH3 CH3 
H 
/\ 
CH, H / CH; CH; CH; 
à HSO,- | VA 
H4C—C—C—C. ———- Hso—C— H.-C 
CH; H CH; CH; CH; 


trisubstituted 


disubstituted 


9.11. Dissociation of the leaving group (pyrophosphate ion) from geranyl pyrophosphate produces a 
resonance stabilized allylic carbocation (step 1). Next, the x bond of isopentenyl pyrophosphate reacts 
with the carbocation to form a new carbon-carbon bond (step 2). Addition occurs in the Markovnikov 
fashion to produce a tertiary carbocation. This intermediate carbocation is then deprotonated by a basic 


residue within the enzyme active site (step 3), producing farnesyl pyrophosphate. 


AWK, OPO;P0,2- Geranyl pyrophosphate 


Jo 


O3POPO,>- 


+ 
CH — Isopentenyl pyrophosphate 
ee AP OPOPO; 


(resonance stabilized) 


|o 


OPO3P032- 
H H 


| © ST © (base in the enzyme active site 


Su EX EX Farnesyl pyrophosphate 


OPO3P037- 


9.12. The overall transformation shown in this exercise is a ring-forming reaction in which a new 


carbon-carbon bond is formed. Addition of a carbocation to a x bond is one way to make a carbon- 
carbon bond, so the first thought should be how to make a carbocation from the starting compound. 
Protonation of an OH group followed by dissociation of a water molecule is one such method, and the 
reaction conditions (strong acid) are amenable to such a process. Therefore, the first two steps lead to 


formation of a carbocation. 
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9.12. (continued) 


C 
T OH; + CH 
E ms CA " E m- COL 


Once formed, the neighboring x bond intercepts this carbocation, leading to formation of a second 
carbocation (step 3). The orientation of this addition step creates a 3? carbocation, which is subsequently 
intercepted by a molecule of water (step 4). 

CH3 


CH3 
CH3 Pa *OH; 

CH, ———- 
C TL J Ce ® CO ‘CH, 


In the last step, deprotonation yields the alcohol product. 


9.13. Isomerization of a double bond takes place by breaking the x bond. One way to "break" a 1 bond 
is to create an allylic carbocation so that the zx electrons are delocalized. Dissociation of the 
pyrophosphate group creates an allylic carbocation (step 1). After rotation about the o bond (step 2), the 
pyrophosphate ion can recombine with the carbocation by reaction at the terminal carbon atom to form 
the isomerized substrate molecule. 


78S UN EE pue OPO;4PO;? 
"s SS 0p0;P0;- © = a — 


Geranyl pyrophosphate 
(E) isomer 


pcs M j = 
NN : „CH2 OPO;PO; OPO;PO4- 
L 
= DS 
AWK © Geranyl pyrophosphate 
OPO3P037- 


+ (Z) isomer 


-— E 


9.14. In these enzyme-catalyzed processes, a base is supplied by the active site of the enzyme. For the 
substitution process, the carbocation reacts with a water molecule. The base deprotonates the resulting 
cation intermediate to form the alcohol product (step 2). 

In the elimination route, the base deprotonates the carbocation intermediate itself to generate the 
alkene product. 
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9.14. (continued) 


Substitution (base in the enzyme active site) 


H20 Q " 
oe (- E N TS 


tA OH 
N 
H 


Elimination 
(base in the enzyme active site) 


$ ps. + H30* 
oH 
c< 

| H 

H 


n 


9.15. The statement of this exercise provides all of the information needed to draw the structure of the 
product: The boron atom attaches to C3 and two equivalents of the alkene react with the borane 
molecule. Even without being told that the boron atom is attached to C3, you can deduce this result 
because the boron atom reacts at the less highly substituted carbon atom of an alkene double bond, and 
the H atom attaches to the more highly substituted end. 


1 4 
BH 
2%, — H i H 
Mika THF H 


2-Methyl-2-butene (sia),BH 


9.16. In hydroboration reactions, the boron atom becomes attached to the less highly substituted end of 
a carbon-carbon double bond. The hydrogen and boron atoms of the borane molecule appear cis to each 
other in the product, if the stereochemistry can be defined. The stoichiometry depends on steric 
hindrance around the ends of the double bond. 


a. This molecule is a terminal alkene, so borane can react with three equivalents of it. The boron atom 
is attached in the product to the CH end of the double bond. 


BH 
EN 3 B 
THF 
3 
b. This alkene is disubstituted, so borane can react with three equivalents of it. There are no electronic 
effects to differentiate the ends of the double bond, but the end with the isopropyl group is more 


hindered. The boron atom therefore becomes attached to the end of the double bond with only one 
methyl group. 
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9.16. (continued) 


c. This alkene is trisubstituted, so only two equivalents are likely to react with borane (the substitution 
of the double bond resembles that of 2-methyl-2-butene shown in Exercise 9.15). The boron becomes 
attached in the product to the less highly substituted end of the double bond. 


9.17. Borane itself reacts selectively with terminal alkenes to form primary alkylboranes. If the borane 
reagent is even more selective in its reactions with alkenes than BH; itself, then the product having B 
attached to the 1° carbon atom will be formed in even higher proportions. To draw the structures of the 
products, we attach the boron-containing fragment (that is, the reagent structure minus H) to the 
terminal carbon atom. 


9-BBN-H 


ZIFF 
THF 


a a B 9-BBN-H = H-B 


fh Catecholborane JANJA o 
THF R IN Catecholborane = H—E. X5 
o [e 
9.18. An alkyne undergoes hydroboration with one equivalent of a reagent having one active B-H bond 
(such as the one in 9-BBN-H) to produce an alkene that has the H and B atoms cis to each other. The 
starting alkyne in this example is symmetrical, so regiochemistry of the addition step is not an issue. 


CH3CH5 CH2CH3 
9-BBN-H \ ^ 


CH3CHy—C=C—CH;CHy  — r 7 £74 
H B 


9.19. The conversion of an alkylborane to the corresponding alkoxyborane follows a two-step 
mechanism: One equivalent of the hydroperoxide ion binds to the boron atom, and then an alkyl group 
migrates to the oxygen atom of the OOH group, displacing hydroxide ion as the leaving group. These 
same steps occur as long as there are B—R bonds. For the overall oxidation of ethoxydiethylborane, two 
equivalents of hydroperoxide ion react with the boron atom (one equivalent in step 1 and one equivalent 
in step 3 of the following scheme). 


R Re. 

N EIC x. V oc ER Y - 
B—OR BÇ RB. + OH 

R jl OR Q OR 


(R = C2H5) (R = C2H5) 
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9.19. (continued) 


7 
— OH- 
RO B. * 
(R = C2H5) (R = C2H5) 


9.20. In hydroboration reactions, the boron atom becomes attached to the less highly substituted end of 
the original carbon-carbon double bond. The oxidation/hydrolysis step replaces the boron atom with a 
hydroxyl group, so the overall transformation results in the addition of H and OH to the ends of the x 
bond. The OH group is attached in the product to the less highly substituted end of the original double 
bond. In the transformations given in this exercise, the product molecules cannot exist as stereoisomers. 
If the stereochemistry of the addition process can be determined, however, the H and OH groups add cis 
(on the same side) to the double bond. 


= 1. BH3, THF O-" 
—————————— 
2. H202, OHT 
1. BH3, THF 


b. p 
WW PR Er -r WER A 


9.21. When two H atoms are added to a x bond via an organoborane intermediate, one hydrogen atom 
comes from the borane reagent and the other comes from a molecule of the carboxylic acid that reacts 
with the organoborane in the second step. Deuterium can be incorporated into the product by using 
RCOOD, and it will be attached in the product to the original double bond carbon atom that has more 
hydrogen atoms. 

The two hydrogen atoms are cis to each other in the product (if the stereochemistry can be defined) 
because the stereochemistry of the hydroboration step is cis, and the boron atom is replaced in the second 
step with retention of configuration. 


CH3CH;CH; H 
a. 1. Catecholborane, THF \ 
CH3;CH,CH,C=CH | ——————————— —» c=c 
2. CH3CH,COOD, A fe Ñ 
H D 
b CH3 H CH3 
1. BH3, THF T 
(ee 
2. CH4CH;COOH, A - 
CH3 5 CH; 
H 
meso 


9.22. Methylene carbenoid reagents (zinc reagents that transfer a CH» group) react with an alkene 
double bond to attach the methylene group to each carbon atom of the original x bond. The 
stereochemistry of the alkene is retained in the reaction. 


a. The starting compound in this first equation has trans stereochemistry, so the cyclopropane product 
will have the alkyl groups trans to each other as well. Two chiral centers are generated from achiral 
reactants, so the product is racemic. 


CHAPTER 9 / ADDITION REACTIONS OF ALKENES AND ALKYNES 147 


9.22. (continued) 


CH; 
CF4COO)Zn— CH;-I 
PISS ME ead ru RE Ho / NOCH racemic 
CH2Cl2, 0 °C CH3CHCHf " * “Hy 


b. The combination of chloroform and base adds the CCh group to the carbon atoms of the x bond, and 
the stereochemistry of the starting alkene is retained. The starting alkene has the cis stereochemistry, 
so the cyclopropane product also has the cis stereochemistry. Two chiral centers are generated from 
achiral reactants, so the product is racemic. 


PS cts, OH- i 
c=c ——— — paeóc—Ccescu, Meeme 
/ N 94 * n AN 

H H H H 


9.23. The electrophilic addition reaction of bromine to a double bond in the presence of alcohol takes 
place in the same way that addition of the halogens to an alkene takes place in the presence of water. 
When the solvent is alcohol, a vicinal bromo ether is produced instead of the vicinal bromo alcohol 
formed when water is the solvent (nucleophile). Regiochemistry is not an issue in this reaction because 
the starting alkene molecule is symmetrical. Two chiral centers are generated from achiral reactants, so 
the product is racemic. 


Ph H Br H H Br 
md Bry, CH3OH d e Ph Phaz(S) / 
M —— wor —vo! 
H Ph / OCH; H3CO 


(racemic) 


9.24. a. The reaction of 5-methyl-5-hexene-l-ol with mercury(I) acetate generates a bridged 
intermediate that can be trapped by the nucleophilic oxygen atom of the alcohol functional group. 
This intramoleaular process takes place by reaction of the oxygen atom at the more highly substituted 
carbon atom. Ring formation (step 2) and deprotonation by acetate ion (step 3) generate the neutral 
product. Removal of the acetato(mercury) group with sodium borohydride yields the cyclic ether 
product. 


OH * JH 
E = o^ 
a S deu — CA AcO " 
ëC 
/ 


CH2 © CH2HgOAc 
<N CH 
Hg woo 
+H —— 
oO” AcO- [9] NaBH, [6] 
———- —————— 
© H20 CH 
CH HgOAc CH2HgOAc 3 
CH3 CH3 CH3 


b. The reaction of 5-methyl-5-hexene-1-ol with bromine generates a bromonium ion intermediate, and 
the cyclization can occur in the same manner as shown in part (a.). After the cyclization reaction 
(step 2), deprotonation is accomplished through a reaction with Br (step 3). 
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9.24. (continued) 


CHBr 
WE Fe Br CH3 
H3C esf 
+ " dila 
w Br [9] 
— " * HBr 
CH3Br © CHBr 
3 3 
racemic 


9.25. To predict the products formed by addition reactions of alkenes and alkynes, answer the 
following questions: 
e What is the nature of the reagent that is reacting: cation (H*, CF, Br’, F, HgOAct, or R*), borane 
(HBR2), or carbene (R2C:)? 
e  Whatis the stereochemistry of the addition process: syn (cis), anti (trans), or neither? 
e How stereoselective is the process: nonselective, stereoselective, or stereospecific? 
e  Whatis the regiochemistry of addition: Markovnikov, anti-Markovnikov or neither? 
e What is the stereochemical composition of the products: racemic, meso, achiral, diastereomeric, 
chiral (retention or inversion of configuration at an existing chiral center)? 


a. In this reaction, a carbenoid reagent reacts with an alkene to form an achiral cyclopropane derivative. 
Neither regiochemistry nor stereochemistry is an issue because both the reagent and alkene are 
symmetrical and achiral. 


SIE .Zm(Cu)CHj, |. CO — 


b. In this reaction, bromine is the reagent that reacts with the alkene. Regiochemistry is not an issue 
because the reagent is symmetrical; the stereochemistry of the bromine addition reaction is anti and 
such transformations are stereospecific. Two chiral centers are generated from achiral reactants via a 
stereospecific process, so the product is racemic (only one enantiomer is shown). 


C) Bro, CHCl Be 
HC HC 


c. In this reaction, chlorine is the reagent that, along with water, reacts with the alkene. The 
regiochemistry of addition is Markovnikov, which means that the electrophilic reactant (CI) ends up 
attached to the carbon atom of the double bond that is less highly substituted to start. This process is 
stereospecific (trans), but the reactant is acyclic and only a single chiral center is produced, so the 
relative stereochemistry cannot be discerned. The product is racemic. 


FW i c 
H CI 


racemic 


Br 
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9.25. (continued) 


d. In this reaction, a borane reagent reacts with an alkyne in the first step. The stereochemistry of 
borane addition reactions is syn. In the second step, the boron atom is replaced by H, so the overall 
process results in addition of two hydrogen atoms, a symmetrical combination for which 
regiochemistry is irrelevant. The product is the (Z)-disubstituted alkene, which is achiral. 


CH 
1. Catecholborane, THF A o y CHCH 

H;C—C=C— CHCH ——— achiral 
2. CH;COOH, A P: E 


e. Inthis reaction, a borane reagent reacts with an alkene in the first step. The regiochemistry is "anti- 
Markovnikov," which means the H of the borane reagent becomes attached to the carbon atom with 
fewer hydrogen atoms. The stereochemistry of borane addition reactions is syn, but the alkene is 
symmetrical so stereochemistry is not an issue. Oxidative hydrolysis of the organoborane (step 2) 
yields the alcohol. The product is achiral. 


1. BH; THF 
ee achiral 


2. H905, OH- HO 


f. In this reaction, bromine is the reagent that reacts with a cis-alkene. Regiochemistry is not an issue 
because the reagent is symmetrical; the stereochemistry of bromine addition reactions is anti, and 
such transformations are stereospecific. Two chiral centers are generated from achiral reactants in a 
stereospecific process, so the product is racemic (only one enantiomer is shown). 


CH3CH> CH,COOH ChisGhe Br 
\ Bro, CH2Cl2 Haz + / : 
TE P Q"ch.cooH ^ 
2 
H H Br \ 


g- In this reaction, mercury(II) acetate reacts with the alkene in the presence of water. The 
regiochemistry is Markovnikov, so the acetatomercury(II) group becomes attached to the carbon 
atom at the end of the double bond with more protons, which is the terminal position. An OH group 
becomes attached to the end of the alkene bond with fewer hydrogen atoms. The metal ion is 
replaced by H in the second step. In this transformation, a single new chiral center is produced, 
which can be (R) or (S), but the stereogenic carbon atom (R) in the starting material is unchanged, so 
the product is a mixture of diastereomers. 


CH CH 

H CH3 H CH3 H phs 
Fw UL LL l pie Hae HO icm 27 (diastereomers) 

(R) 2. NaBH,, EtOH AY e "s 


h. In this reaction, an alkyne undergoes hydration. The regiochemistry is Markovnikov, which means 
that the OH group becomes attached at the carbon atom that can better support a positive charge, 
which is the one adjacent to the benzene ring. The resulting vinyl alcohol tautomerizes to form an 
achiral ketone. 


CH2CH 
PtCl,, H2O » JEN : Ch ^ CH;CH;CH; 
C=C-CH,CH3; —————- C=C — c achiral 
[9] 


/ 
HO H 
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9.25. (continued) 


i  Inthis reaction, HF undergoes addition. The regiochemistry is Markovnikov, so the proton becomes 
attached to the carbon atom at the end of the double bond with more protons, and the fluorine atom 
becomes attached to the other one. The product is achiral. 


C4 HF, pyridine 
————- 
V achiral 
bu CH; 
F 


j- In this reaction, mercury(I) acetate reacts with the alkene in the presence of alcohol. The 
regiochemistry is Markovnikov, so the acetatomercury(II) group becomes attached to the carbon 
atom at the end of the double bond with more protons, which is the terminal position. The OCH3 
group becomes attached to the end of the alkene bond with fewer hydrogen atoms. The metal ion is 
replaced by H in the second step. No new chiral centers are formed in this transformation, so the 
product is achiral. 

CH3 CH3 
| 1. Hg(OAc), CHOH CH, | 


H,c*€ I 2C achiral 
H3C 
2. NaBH,, EtOH 


9.26. The zx bond in the starting compound reacts with the electrophile, a proton, to generate a 
carbocation intermediate that is stabilized by resonance. 


Oy eee. oor oe 


The carbocation undergoes reaction with the nucleophile, methanol (step 2). Deprotonation (step 3) 
yields the product, which is called an acetal. This reaction will be described in detail in Chapter 19. 


H 
+ 
— ON OSH CHOH RL + 
—— + CH30H2 
H © H 
H H 


9.27. First, we write the steps of the mechanism for each regiochemistry outcome. The mechanism for 
this addition reaction follows the typical pathway: Protonation of the double bond (step 1), reaction of 
the carbocation intermediate with a molecule of water (step 2), and deprotonation to form the alcohol 
(step ? n 

My 


Hy + 
—H OH 
CH3 © CH3 
So. ^" Xo 
— a + Hy 
G H 


1? carbocation 
(not viable) 
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9.27. (continued) 


The reaction coordinate diagram for these pathways will have the starting compounds and products, as 
well as the possible carbocation intermediates. Because the 3° carbocation is the more stable of the two 
possible intermediates that can form (shown in color below), the free energy of activation for its 
formation will be lower than the pathway leading to the “1° carbocation,” which would be at an 
impossibly high energy. 


Energy 


T------.--2.-2-2-24------------ 


Reaction coordinate 


(Look at the solution to Exercise 8.24 to see the reaction coordinate diagram for the reverse process, the 
E1 reaction of a tertiary alcohol. These diagrams are mirror images, as expected for processes that make 
use of the same steps except in reverse order.) 


9.28. In the first step, the iodine atom can be either above or below the plane of the ring in the bridged 
intermediate. 
T 


I^ 
C RC Un + t 
Oo Q o (0) 


After formation of this iodinium intermediate, the carbonyl oxygen atom of the carboxylic acid group 
reacts to open the three-membered ring and form a new carbon-oxygen bond. Because the carboxylic 


acid group is above the plane of the six-membered ring and will approach the side opposite that on 
which the iodine atom is bridged, the intermediate with the iodine atom below the plane will react more 
rapidly. In the last step, a proton is removed to generate the neutral product. 


T I I 
S Z z " 
OH © +O © 
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9.28. (continued) 


The final stereochemistry of the product is such that the 6/5 ring junction is cis, and the iodine atom is 
trans to the five-membered ring. If the starting material is optically active, the product is optically active, 


too. 
I 


(S): (S) 


— ~ [0] 
[9] 


(R) 
9.29. Follow the procedures outlined in the solutions to Exercise 9.25. 


a. In this reaction, dichlorocarbene reacts with an alkene. Regiochemistry is not an issue because the 
reagent is symmetrical; the stereochemistry of carbene addition reactions is syn so the H and methyl 
group will be cis in the product. The reaction is stereospecific and two new chiral centers are formed, 
so the product is racemic. 


H 
CHCl,, OH- 
ee CCl, racemic 
CH3 CH; 


b. In this reaction, iodine is the reagent that, along with methanol, reacts with the alkene. The 
regiochemistry of addition is Markovnikov, which means that the electrophilic reactant (T) ends up 
attached to the carbon atom of the double bond that is less highly substituted to start. The reactant is 
acyclic and only a single chiral center is produced, so the relative stereochemistry cannot be 


discerned. 
H É; 


Ib, CHOH 
ae BRE " racemic 


c. In this reaction, borane reacts with an alkene in the first step. The starting alkene is meso, so the 
regiochemistry of addition is not an issue. The stereochemistry of borane addition reactions is syn, 
and the boron atom can be attached to either the top or bottom face of the double bond. Oxidative 
hydrolysis of the organoborane (step 2) yields the alcohol, so the OH group can also be above or 
below the plane. The product is therefore a mixture of four stereoisomers. 


H 

= 2. H0, 0H- H203, OH- 

H 

meso pm MINIS. 


d. In this reaction, mercury(II) acetate reacts with the alkene in the presence of water. The 
regiochemistry is Markovnikov, so the acetatomercury(II) group becomes attached to the carbon 
atom at the end of the double bond with more protons, which is the terminal position. An OH group 
becomes attached to the end of the alkene bond with fewer hydrogen atoms. The metal ion is 
replaced by H in the second step. The product alcohol is achiral. 


HO CH; 
1. UM H20 H20 
achrial 
2: prc ms EtOH 
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9.29. (continued) 


e. In this reaction, a borane reagent reacts with an alkyne in the first step. Each carbon atom of the 
triple bond has an alkyl group attached, so the regiochemistry of addition is dictated by the size of 
these groups and the bulkiness of the 9-BBN-H reagent (the boron atom will attach to the less 
hindered carbon atom). Oxidative hydrolysis yields a vinyl alcohol that undergoes tautomerism to 
yield the achiral ketone product. 


1. 9-BBN-H, THF 
(CH3),cH-C=C—CH; —————— ————À-  (CH4a4CH-CH,;—C—-CHg  achrial 
2. H202, OH- l 


f. In this reaction, an allylic alcohol is treated with a strong mineral acid, which will likely generate a 
carbocation. The other double bond in this molecule will react with the carbocation to form a new 
ring. Loss of a proton after cyclization generates the double bond in the six-membered ring, and the 
elimination can occur in one of two ways. Each product has a new chiral carbon atom formed from 
an achiral carbocation intermediate, so each diene is formed as a racemic mixture. 


H H 
HO 


racemic racemic 


g- In this reaction, HBr adds to the double bond. The regiochemistry is Markovnikov, so the proton 
becomes attached to the carbon atom at the end of the double bond with more protons, and the 
bromine atom becomes attached to the other one. The stereochemistry of addition is not an issue 
because the product is achiral. 


HBr 
+O = OO e 
Br 


h. In this reaction, a carbenoid reagent reacts with an alkene. Regiochemistry is not an issue because 
the addend (CH») is symmetrical; the stereochemistry of a carbene addition reaction is syn. The 
product is a cydopropane derivative with two new chiral centers, and it is racemic because the 
reactants are achiral. 

H 


us (CF3COO)Zn— CH;-I "mo amm tie 
CHCl, 0°C 3 à 
CH3 


9.30. To predict the product of electrophilic addition for a reagent that you have not encountered 
before, decide which portion of the reagent is the electrophile and which part is the nucleophile. A 
formula is normally written so that the electrophilic part appears first. For the reagents in this exercise, 
therefore, Br* and RS* are the electrophiles. They become attached to the less highly substituted end of 
the alkene double bond, which creates a carbocation intermediate at the more highly substituted carbon 
atom. 


a. H3C & ô- I b. H3C 6- & H3C 
E: CcHsS- CI 
c=cH, -Br-CN, NC—6-CH;-Br ) niu Mee i ub NN CI - CH,“ SCoHs 


HC H3C HC H4C 
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9.31. In the cyclization reaction shown in this exercise, one of the alkene double bonds is protonated by 
its reaction with the mineral acid. The double bonds are equivalent, so it does not matter which one 
reacts first. The carbocation is intercepted by the 7 electrons of the other double bond to create the ring in 
step 2 (the colored dot is used as a marker only to keep track of which carbon atom is which). 


Na 
a A di. 


Rearrangement subsequently takes place (step R) and places the positive charge on a carbon atom in the 
ring. If elimination of a proton were to occur instead of the rearrangement process, an exocydic double 
bond would form. After rearrangement, the compound is deprotonated to form a trisubstituted, 
endocydic double bond, which is more stable than any other double bond that could form. 


A" H 

H t H 

~ E H 

i? um as E w + H$PO, 


3° exocyclic 3° endocyclic 
carbocation carbocation 


9.32. We can choose reagents for a given addition reaction by classifying its type (substitution, 
addition, etc.), and then considering the stereochemistry and regiochemistry of the transformation. 


a. This transformation involves hydration of an alkene double bond in which the regiochemistry of 
addition is anti-Markovnikov. Therefore, hydroboration followed by oxidative hydrolysis is 
required because electrophilic addition reactions proceed with the Markovnikov regiochemistry. 


1. BH3, THF OH 
—_—_—_ 
CH, 2. H202, OH” CH3 


b. This transformation involves addition of H and Br to the alkene double bond and the regiochemistry 
of addition is Markovnikov. Therefore, an electrophilic process is required, and HBr will be used. 


HG p HBr H3G 
C=C —— nó Ph—C—CH3 
n H Br 


c. This transformation involves hydration of an alkyne triple bond. The alkyne is symmetrical, so the 
regiochemistry is not an issue. Therefore, hydration under the influence of a metal catalyst is 
sufficient. Hydroboration followed by oxidative hydrolysis will also work. 


o 
PtCl;, H2O, THF T 


C 
H3CH2C— CES C— CH;CHs M — — *  CHaCH;CHz/ CHCH; 
Or 1. Catecholborane, THF 

2. H505, OH- 
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9.32. (continued) 


d. This transformation involves formation of a cyclopropane derivative from an alkene, which calls for 
the use of a methylene carbenoid reagent. 


Zn(Cu), CHl; 
————9———* 
or 


(CF4COO)Zn—CH;-1 
CH;Cb, 0 °C 


9.33. Hydroboration followed by oxidative hydrolysis is a procedure that can be used to make an 
alcohol from an alkene: the OH group will be attached to the carbon atom at the less highly substituted 
end of the double bond. Therefore, a double bond that has the same number of hydrogen atoms at each 
end will not be useful for making an alcohol unless the molecule is symmetrical. The OH group and new 
H atom that are added during the hydroboration sequence have to be cis to one another. 

When you look at the structure of the alcohol product, remove, in turn, the OH group and a cis- 
hydrogen atom attached to the adjacent carbon atoms. These are the possible starting alkenes. If the 
substitution pattern is different at each end of the double bond and the OH group is attached to the 
carbon atom with more hydrogen atoms, then the alcohol can most likely be prepared by the 
hydroboration/oxidative hydrolysis procedure. 


a. Removing H and OH from this compound creates methylenecyclohexane. The ends of the double 
bond are substituted with different numbers of hydrogen atoms, and the OH group is attached to the 
carbon atom having more hydrogen atoms, so this alkene is a suitable starting material. 


H 
CH35- OH CH; 
= ac This end of the double bond 
has more hydrogen atoms. 


b. Removing H and OH from this compound creates either 1-methylcyclohexene or 3-methyl- 
cyclohexene. The ends of the double bond in 1-methylcyclohexene are substituted with different 
numbers of hydrogen atoms, and the OH group is attached to the carbon atom having more 
hydrogen atoms, so this alkene is a suitable starting material. 


H 
:4,CHs CH3 
a S Td. 
OH H 
i H 
Hon mm end ot he doublo bond ie ends of the double bond 
SS NG IS OO gent enam: have equivalent substitution. 


c. Removing H and OH from this compound creates either ethylidenecyclohexane or 1-ethyl- 
cyclohexene; the ends of the double bond in both are substituted with different numbers of hydrogen 
atoms, but the OH group is attached to the carbon atom having fewer hydrogen atoms, so neither 
alkene is a suitable starting material. 


Pa end of the double bond 
J tas more ae atoms. 


CH This end of the double bond 
3 
=> or has more hydrogen atoms. 


Or 
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9.33. (continued) 


d. Removing H and OH from this compound creates either 2-octene or 3-octene. The ends of the double 
bond in both have the same numbers of hydrogen atoms, so neither is a suitable starting material. 


Ax m np rre 


H HH H 


The iin of the double bond The eater ts de of the double bond 
have equivalent substitution. have equivalent substitution. 


9.34. The possible starting materials were identified in Exercise 9.33. Shown below are the actual 
equations showing the products that will be formed from the hydroboration/oxidative hydrolysis of each 
alkene. 


2 1. BH3, THF OH 
2. H207, OH- 


H 
X 1. BH3, THF CX 
——————— 
H 2: H203, OH- OH 
CH :,CH 
E _1. BH. THF ed 
H 2. H202, OH™ 


H ~1:1 ratio 
c. H H OH 
Cy 1. BHs, THF CH; OH 
——————————- 
2. H505, OH- 
not 
H 
CX 1. BH3, THF [I 
————————- 
2. H202, OH- 4 
H 272: : H 
OH 
á H OH 
WW b PUES pw * diis adn d 
2. H205, OH- 
H 1:1 ratio OH 
H OH 


asi Alii "ww 
ZA _—_—_ + 
2. H203, OH- 


H 1:1 ratio OH 


Solutions to Exercises for CHAPTER 1 0 


ADDITION REACTIONS OF CONJUGATED DIENES 


10.1. Follow the procedures outlined in the solutions to the nomenclature exercises in Chapter 1. 


a. 


(2Z, 4Z)-4-Methyl-2,4-heptadiene 


hept seven carbon atoms 
2,4-diene two double bonds, starting at C2 and C4 , HC, - H 
4-methyl CH3 group at C4 HaC N a 4 
27 the higher priority groups at the ends of the VC CH;— CH; 
1 bond are on the same side of the C=C bond "i b" 6 7 
4Z the higher priority groups at the ends of the 
t bond are on the same side of the C=C bond 
2-Fluoro-1-penten-3-yne 
pent five carbon atoms 6 4 22 F 
l-en double bond starting at C1 H3C—C= =" 
3-yne triple bond starting at C3 CH2 
2-fluoro F atom at C2 1 
2-Chloro-1,3-cyclohexadiene 4 
cyclohexa ring with 6 carbon atoms Cl 
1,3-diene two double bonds, starting at Cl and C3 Ci 
2-chloro Cl atom at C2 3 
4 
(QE, AZ) -2,4-Hexadienal 
hexa 6 carbon atoms 
2,4-diene two double bonds, starting at C2 and C4 ®CH; H 
al aldehyde group; its carbon atom defines C1 5 L " s CHO 
2E the higher priority groups at the ends of the H^ b. di "msn 1 
1 bond are on opposite sides of the C=C bond i l 
AZ the higher priority groups at the ends of the 


1 bond are on the same side of the C=C bond 


10.2. Follow the procedures outlined in the solutions to Exercise 1.17. 


a. 


This compound has the carboxylic acid functional group at the end of the carbon chain, so the name 
ends in ^—oic add.” The longest carbon chain that includes both the carboxylic acid carbon atom and 
the double bonds has seven carbon atoms, so the root is hept. There are two carbon-carbon double 
bonds, so the multiple bond index is diene: hept/diene/oic acid = heptadienoic acid. 

Numbering begins with the carboxylic acid carbon atom. 


This numbering order means that the double bonds begin at 
C2 and C5. A methyl group is attached at C3, and each Ads 6008 
double bonds has the (E) configuration, so the name is (2E, 7654321 


5E)-3-methyl-2,5-heptadienoic acid. 
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10.2. (continued) 


b. This compound has a ring of six carbon atoms with one double 
bond within the ring: cyclohexene. The other carbon-carbon C» 
double bond is external to the ring, so it is named as a substituent, 1 

isopropylidene (Section 8.1c). The substituent specifies the ili: 


assignment of C1 for the ring, so the name is isopropylidene-2- 
cyclohexene. 


c. This compound has both a double and a triple bond. Numbering 

can begin at either end of the chain, but the numbers would be the i. a 
: CZECH 

same (1-buten-3-yne versus 3-butene-1-yne), so we choose the first / 2 
because a double bond has the higher priority. "Ene" is placed in 1 

the name before "yne" in either case. A phenyl group is attached 

to C1 and a chlorine atom is attached to C2. The configuration of 

the double bond is (Z), so the compound's name is (Z)-2-chloro-1- 


phenylbutene-3-yne. 


d. This compound has a seven-membered ring and three carbon- 2 
carbon double bonds, starting at C1, C3, and C5. A tert-butyl s Ox 
group is attached at Cl, so the name is 1-tert-butyl-1,3,5- 5 ‘ 

cycloheptatriene. 6 


10.3. Isolated double bonds are separated by at least one sp*-hybridized carbon atom (a. and d.). 
Cumulated double bonds share a carbon atom with sp hybridization (c.). The ends of conjugated double 
bonds are separated by a single carbon-carbon bond (shown in color in part b.). 


d. T " H Key: 
M / = sp) idizai 
C. C - sp? hybridizaion 
Le H—c P, 
/~e 
H3C | 74 
isolated conjugated cumulated H H isolated 


10.4. Bonding molecular orbitals are formed by the mathematical addition of the combining orbitals. 
The region with the highest electron density lies between the atoms. The node of each hybrid orbital at 
the nudeus is retained in this bonding combination. 


QOO. JK 


Gc. c: filled with two electrons 


Antibonding molecular orbitals are formed by the subtraction of one orbital from another, which means 
that changes occur in the mathematical signs of the orbital being subtracted. The highest electron density 
lies away from the region between the atoms. The node of each hybrid orbital at the nucleus is retained in 
this combination, and a new node is created in the space between the atoms. 


ID -Ok - QK 


G"c.c: unoccupied 
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10.5. The energy of a bonding molecular orbital (MO) is — 

lower than the energy of the hybrid orbitals undergoing / ` 

combination. The energy of the antibonding MO is , ` 

higher than the energies of the combining hybrid / ` 

orbitals. Because each hybrid orbital contributes one ; \ 

electron to the MOs, there are two electrons and they are sp? + H— sp? 
used to fill the bonding MO (c) The high energy M 3 
antibonding MO (o%*) is empty. X / 


10.6. The reaction of a conjugated diene with chlorine will produce both 1,2- and 1,4-dichloro products. 
If a new chiral center is produced, then both configurations will be generated at the chiral carbon atom. 
For the 1,4-addition process, it is necessary to consider the formation of double bond isomers, which 
result from rotation about the sigma bond. It is worthwhile to draw the structures of the possible 
carbocation intermediates. This diene is symmetrical, so it does not matter which double bond we start 
with. 


CI cl 


H 
Y) TL 
CI [o] 
* 


The products will result from the reaction between the possible carbocations and the chloride ion. 


H Cl 


CI 


(R) 


10.7. Follow the procedure outlined in the solution to Exercise 10.6. The electrophile is H* and the 
nucleophile is water (OH). Both alcohol products are achiral. 


ie a MEETS 
H20, HSO CH 
HC. C 29. T2994 Hi. ct 2 30 
li d Xch, E: kd "CH, pe b dl "CH, 
CH; CH; CH; 
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10.8. Follow the procedures outlined in Example 10.3 


a. Generate the possible carbocations (and their resonance forms) by protonating each double bond 
separately, and then decide which set of cations is more stable. 


i k + x 
ON -E.CCNTEXC ct UFYCKC 
CH, H CH3 H H CH, H H 
ae” Hs H H 
SS SQ HB. EAS -— Z i This set of carbocations 
+ is more stable. 
CH; CH; CH; 


The products are formed by attaching the bromide ion to the carbocation centers in the more stable 
set. The kinetic product is derived from reaction with the more stable carbocation of the pair, and the 
thermodynamic product is the one with the more highly substituted double bond. 


3° 2 Br- 
didi. dis ad «e din dc di — di de nd + di dn di 
t 
CH3 CH3 HaC Br CH3 Br 
Kinetic product Thermodynamic product 


(trisubstituted double bond) 


b. Generate the possible carbocations (and their resonance forms), and then decide which set is more 
stable. This diene is symmetrical, so only one set of carbocations is formed. 


ce ee 
Ss <> 
$ 
The products are formed by attaching the bromide ion to the two carbocation centers. The kinetic 


product is derived from reaction with the more stable carbocation, and the thermodynamic product 
is the one with the more highly substituted double bond. 


Br 
+ 
= CO i 
+ 
Kinetic product H Br 


Thermodynamic product 
(tetrasubstituted double bond) 


c. Generate the possible carbocations (and their resonance forms), and then decide which set is more 
stable. 
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10.8. (continued) 


The products are formed by attaching the bromide ion to the carbocation centers of the more stable 
set. The kinetic product is derived from reaction with the more stable carbocation center, and the 
thermodynamic product is the one with the more highly substituted double bond. 


3 2° Br. 
F Br Br 
CH, <—> CH} ————— + CH3 
CH3 


Kinetic product Thermodynamic product 
(trisubstituted double bond) 


10.9. The product of the Diels-Alder reaction is a cyclohexene derivative in which the substituents have 
the same stereochemical relationships as the substituents in the starting diene and dienophile. We first 
orient the reactants next to each other, and then connect the ends of their x systems to form the six- 
membered ring (this procedure is shown with the dashed, colored lines below). The structure of the 
product has a double bond at the bond between the double bonds in the starting diene. For the reactions 
shown in this exercise, new chiral centers are produced from achiral starting compounds (indicated by 
the asterisks), so each transformation yields a racemic mixture. 


= a N CN b JC. JON . CN 
Jud 9o | 74 
sa NN "M, "e A CN 


racemic racemic 


10.10. Follow the procedure outlined in Exercise 10.9. For the reactions shown in this exercise, new 
chiral centers are produced from achiral starting compounds (indicated by the asterisks), so each 
transformation yields a racemic mixture. 


a. The diene in this reaction is not symmetrical, so the reactants have to be oriented so that the ester 
group of the dienophile is directly below (or above) the diene x system, as shown below at the right. 
This orientation yields the relative stereochemistry shown. 


-— OCH; 
OCH, 
H > 
COOCH; A COOCH; SANH 
Z X `, 
í —— H (CH3)sSSiO > oe ia 
(CH3),SiO (CH3),SiO y, 
racemic 
E = COOCH; 


b. The diene in this reaction is symmetrical but it is cyclic, so the reactants have to be oriented so that 
the cyano group of the dienophile is directly below (or above) the diene z system, as shown below at 
the right. This orientation yields the relative stereochemistry shown. 


Out Am c 
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10.11. All of these reactions yield products in which the elements of H and Cl have added to one of the 
double bonds. When there are no substituents attached to the ring of a cyclic diene (conjugated or 
isolated), then the product appears as if only one of the double bonds has reacted. In other words, the 
1,2- and 1,4-addition products are identical for the conjugated dienes. A new chiral center is generated 


from achiral reactants, so a racemic mixture is produced in each case. 


a. H 
H = 
HCI LAT cl : 
eH m 
H H CI H 
b. H H H 
HN, 4 oH Ke 
HCI ama Mi . en 
c - 


H = 
H H e A 
H Cl 


10.12. Follow the procedures outlined in Exercises 10.9 and 10.10. 


a. CN v a. 
Oo x 
L $ ( CH30 SNC a ~= racemic 
Hie e hd 
H 
COOCH; LX 
" í 4 y —» racemic 
CH30CO H 
e Z 
ON meso 
[e] N —— 
© * Q oc M 
o o 
d. OCH; OCH3 
NC. LCN ^ 
e + Y m ^ H — racemic 
& Pa an 
OCH; CH0 ` OCH; 


10.13. Nitroethylene and vinyltriphenylphosphonium chloride each have an atom with a positive charge 
attached to one of the alkene carbon atoms. A positive charge attracts electrons, which in turn makes the 
double bond electron deficient, the principal characteristic of a good dienophile. The boron atom of the 
alkenylborane has only six valence electrons, which withdraws electron density from the x bond. (The 


structures of these dienophiles are shown in the solution to Exercise 10.14). 
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10.14. To predict the expected products of these reactions, follow the procedure outlined in the solution 


to Exercise 10.9. 
[0] 
Il 
ees NO; 
+ | —: 
t * 
PPh, CI- PPh, CI- 
Lt — XY 
+ 
jy BCgH44 
X6 — 3X 


10.15. As shown in the solution to Exercise 10.14, the reaction of an alkenylborane with a diene yields an 
organoborane. The exo isomer will likely be the major one, and because new chiral centers are produced 
from achiral starting compounds, this transformation yields a racemic mixture. The second step of the 
given procedure converts this organoborane derivative to the corresponding alcohol, a reaction that 
proceeds with retention of configuration. 


O i f Ls BCgH 14 - ^. OH 


racemic racemic 


10.16. Given the structure of a cyclohexane derivative that has been formed via the Diels-Alder reaction, 
you need only break the two bonds in the six-membered ring that are connected to the carbon atoms 
adjacent to the double bond (shown as colored dots in the following structures). These carbon atoms 
define the termini of the diene system, and the other two carbon atoms define the double bond (or triple 
bond, in part c.) of the dienophile. 


a. b. " e Br s e. " 
£C EN za . hw '( Y = C "s 
€? “CH3 


[0] 
È 


" o 
(| COOEt aA COOEt » cH > eZ = 
LX ZU K I 
HCO Ne Haco“ ~e 
i 
C 
O- i 
T 


COOEt 
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10.17. The middle carbon atom of the cumulated diene double bonds has sp hybridization, as do the two 
alkyne carbon atoms of the cyclic alkyne product. The bond angles of a carbon atom with sp 
hybridization are 180°, so the diene product should be less strained within a 10-membered ring because 
only one carbon atom has this geometric constraint imposed upon it. Hence the cumulene is formed in 


greater quantity than the alkyne. 


s? ,H 
/ 
cl E 
CY KOH, ethanol, A Ne s C sp 
GB item] 
(6096 yield) M C sp 
H 
sp? 
Ratio: 3:2 


10.18. To solve this type of problem, first write out the synthesis scheme as a flow diagram. The last 
reaction, to form compound D, is clearly a Diels-Alder reaction, so we follow the procedure given in the 
solution to Exercise 10.16 to deduce the structure of the diene, which is compound C. 


ow Pv. 20 
Bro, CH5Cl; NaOCH(CHs)2, pv 


A — B ———Q( OO > A O D 
ether solvent, ^ 


[e] 
[e] 


A diene can be formed by treating a dibromoalkane with strong base, which corresponds to the reaction 
conditions that are given. A dibromoalkane can be prepared by adding bromine to an alkene, so we 
identify the compounds as follows: 


Br 
()——700]90— Abe 
Br 
A B c [o] 2 
Cyclohexene 1,2-Dibromocyclohexane 1,3-Cyclohexadiene 


10.19. Follow the procedures illustrated in the solutions to Exercise 10.8. 


a. Generate the possible carbocations (and their resonance forms), and then decide which set is more 


stable. 
" aeos ^ * + 
li ale Br NE Br y^ Br 
CH; CH; CH; 


P m " " 
Br* 
in dii P m » Lm d This set of carbocations 
+ is more stable. 
CHs CH; CH; 


The products are formed by attaching an OH group to the carbocations of the more stable set. The 
kinetic product is derived from the reaction with the more stable carbocation, and the 
m product is the one with the more highly substituted double bond. 


eei ani e ose v gn 


H3C OH 


Kinetic product eee product 
(trisubstituted double bond) 
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10.19. (continued) 


b. Generate the possible carbocations (and their resonance forms), and then decide which set is more 
stable. This diene is symmetrical, so only one set of carbocations is formed. The products are formed 
by attaching the methoxy group to the carbocation centers. The carbocations are equivalent and the 
double bond substitution pattern of the products is the same (disubstituted), so there is no clear 
choice for the identities of the thermodynamic and kinetic products. We would therefore expect to 
obtain equal amounts of each product no matter what the reaction conditions are. 


CI m CI CI CI 
cit + CH340H OGtis 
———— "n — + 
(-H*) 
$2 


OCH3 
Both intermediates are 2° carbocations. Both products have a disubstituted double bond. 


10.20. For stable alkenes and polyenes with n number of p orbitals, there are n MOs, n/2 of which are 
bonding orbitals and filled; and 11/2 of which are antibonding orbitals and vacant. The lowest energy MO 
has no node and (n — 1) overlapping pairs. With increasing energy, an additional node is added between 
atoms (vertical dashed lines) and the numbers of pairs of overlapping orbitals decreases by one. At the 
highest energy MO, the number of nodes reaches its maximum, and there is no pair of overlapping 
orbitals. The bonding MOs have more overlapping pairs of orbitals than nodes, and the antibonding 
MOs have more nodes than overlapping pairs. There are six electrons to add to the orbitals, and these fill 
the bonding MOs. 


NODES OVERLAPPING 


PAIRS 

5 0 
4 1 
3 2 

> 

e 

ac 

ul 

z 

ad 2 3 
1 4 
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10.21. This cycloaddition reaction takes place in the same manner that a typical Diels-Alder reaction 
does. The nitrogen atoms in the product have sp? hybridization, so they are planar and it is not necessary 
to consider whether the product has an endo or exo orientation (it is neither). 


10.22. For a delocalized system with n number of p orbitals, there are n MOs. For allylic systems, there 
are three MOs. The lowest energy MO has no node, the next highest MO has one node, and the highest 
energy MO has two nodes. Notice that the node in Y? is at C2; an MO with a node at an atom position is 
classified as non-bonding. In filling these orbitals, we start with the lowest energy MO and add 
electrons. For the allyl carbocation, only VP is filled. The allyl radical has a single electron in Y2 and the 
allyl carbanion has both VV: and Y: filled. 


oa uh ad 


+ - P 
HjC—CH— CH, HjC—CH—CH; H;C—CH—CH; 


The resonance forms make use of Yı and Y2, which are either bonding or non-bonding orbitals. The 
antibonding MO is not involved. 


10.23. To predict the products formed in the addition reactions of dienes, begin by assessing the types of 
reagents involved. 
e Is the reagent electrophilic (H*, CI’, Br^) or neutral (Diels-Alder reaction)? 
e If the process starts with a reaction between a diene and an electrophile, do the reaction 
conditions suggest kinetic or thermodynamic control? 
e Ifa Diels-Alder reaction is taking place, what is the stereochemistry of the reactants? 


For reactions that generate a diene, make use of what you learned about elimination reactions in Chapter 
8. 


a. In this transformation, a diene reacts with a proton in the first step. The low temperature (< 0 °C) is 
most likely meant to indicate that kinetic control is desired. Use the procedures illustrated in the 
solutions to Exercise 10.8 to deduce the structures of the kinetic and thermodynamic products. Both 
products have a new chiral center, so both are racemic. 
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10.23. (continued) 


HCI, CH;Cl; [e] 
-109C Ph 
H 
[e] 


racemic racemic 
Thermodynamic product Kinetic product 


b. In this transformation, a diene reacts with an alkene having electron-withdrawing substituents, so 
this is a Diels-Alder reaction. Use the procedures outlined in the solutions to Exercises 10.9 and 10.10 
to deduce the structure of the product. This product has two new chiral centers as well as a mirror 
plane of symmetry, so itis a meso compound. 


CN Z ^ * CN 
Coo ot - 
CN ES NCN 
c. In this transformation, a diene reacts with an alkene having an electron-withdrawing substituent, so 
this is a Diels-Alder reaction. Use the procedures outlined in the solutions to Exercises 10.9 and 10.10 


to deduce the structure of the product, which will be endo. The product has three new chiral centers 
so it is obtained as a racemic mixture. 


Q . (^ NEN 


d. In this transformation, an alkyl halide reacts with a strong base, so an E2 mechanism is likely. The 
elimination must occur away from the bridgehead atom because a double bond to the bridgehead 
atom would be too strained. The product is achiral. 


racemic 


KOH, ethanol 
product of (c) ———Ó A achiral 
A 


e. In this transformation, a diene reacts with Br’ in the first step. The temperature (greater than room 
temperature) is most likely meant to indicate that thermodynamic control is desired. Use the 
procedures illustrated in the solution to Exercise 10.8 to deduce the structures of the kinetic and 
thermodynamic products. The thermodynamic product has a new chiral center, so it would be 
racemic. It is expected to be the major product. The kinetic products can exist as geometric isomers, 
and both are achiral. 


B Br 
isse a "EN es Ae 
Z p — Br A p * Br NN + yy 


50°C 
racemic achiral achiral 
Thermodynamic Kinetic product Kinetic product 
product 


Major 
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10.23. (continued) 


£ 


In this transformation, chlorine adds to the alkene double bond to form a vicinal dichloride. The 
strong base in step 2 is used to promote E2 reactions, which generate the conjugated diene. Within a 
ring having fewer than nine atoms, a triple bond or cumulated double bonds cannot be formed. The 


product is achiral. 
1: PULSES CH;Cl 
2 KOH, ethanol, A KOH, ethanol, A 


achiral 


10.24. If the mechanism for 1,4-addition were to occur by the route shown in part (a.), you would expect 
to isolate only the cis isomer. The actual mechanism, shown in (b.), will yield both cis and trans products 
because the intermediate carbocation is free to undergo rotation about the C2-C3 bond when the 
carbocation is localized on C2. (The 1,2-addition products are not shown.) 


b. Br Br Br Br 
CR KC - pm =< 
~ (Q9 ES HA O |7 + © 

xf 


a. 


Br 
gpa Br-Ler k ( 
K MGo- (= r E cis only 

Br 


Br Br 


rotation 
around the Br. Br Br 


C2-C3 bond . 
cis * trans 


Solutions to Exercises for CHAPTER 1 1 


OXIDATION AND REDUCTION REACTIONS 


11.1. The conversion of methanol to bromomethane occurs via the Sn2 mechanism: The OH group 
becomes protonated in the first step, which converts it to a good leaving group. The bromide ion 
subsequently displaces the leaving group. In the second transformation, methanethiolate ion is the 
nucleophile that displaces the bromide ion via the Sn2 pathway. 


H H H 
\ An STA. 8 N 
"C — OH ——— "n CAT OH ——- „CBr + H20 
; 9 ew @ " 
H H H 
A N 
D ST o ————— wC—SCH. + Br 
CH3S Hu C—Br H“ C 3 
H H 


The other reaction shown is an example of the Mitsunobu reaction. The reactants crate a good 
leaving group plus the azide ion. The second step occurs via the Sn2 pathway. 


H H H 
X Ph3P, DEAD, HN; FNA t N 

gp 0n M NS NP TRPP — 9 pE— N, + PhP-O 
r O F © d 


11.2. Hydrogen, in the presence of a palladium catalyst, reacts with carbon-carbon x bonds, adding a 
hydrogen atom to each carbon atom of a double bond (or two atoms of hydrogen to each carbon atom of 
a triple bond). Addition of molecular hydrogen to x bonds leaves the carbon-carbon single bond intact at 
that site. A benzene ring does not react normally under such conditions (1 atm H», 25° C). 

The stereochemistry for the addition of hydrogen to a double bond is syn, which means the 
hydrogen atoms that add will be cis to each other if the stereochemistry of the product can be defined, as 
in part (a.) of this exercise. If new chiral centers are produced, the product will either comprise a racemic 
mixture or a meso compound. 


H 
a. Ho 
———M meso 
Pd/C 
H 
i ed <i eed) 
H,c—C=c ————> CHCH,CH achiral 
: Pd/C SUUS 
H2 
* AC ww^7McooH coo achiral 
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11.3. The first step in part (a.) is a substitution reaction that produces the alkyl azide derivative. 
Hydrogenation converts the azido group to an amino group. 


jj HCH; NaN; HCH, H2 H cH, 
— > — > 
/ Pd/C HN Ph 


In part (b.) the alcohol is first converted to a good leaving group by forming its mesylate 
derivative. Cyanide ion replaces the leaving group to yield the corresponding nitrile, which is 
subsequently reduced to produce an amine with one more carbon atom than the starting alcohol 
molecule. 


Ca, ae aaa? ek. eer e. eus 
BH KN KCN Pd/C NH; 


11.4. To predict the products that will be formed from ozonolysis of an alkene, "stretch" the double 
bond, then erase the middle of the bond and put oxygen atoms at these new ends. These are the products 
that will be formed when reductive workup conditions are employed. If an aldehyde is generated as a 
product under reductive conditions, then oxidative workup will create carboxylic acid groups (that is, the 
hydrogen atoms shown in color will be replaced by OH groups). Numbering the carbon atoms will help 
you keep track of which carbon atom is which, especially if the ozonolysis reaction is used to deave a 
ring. 


a. H H T 3 aibi ion 
^X ——- — dn d — i — d 
H stretch e S S " 
adag LJ A) AJ 
H H H HO' | 
[e] 


here 
Reductive Oxidative 


Reductive workup [o] workup workup 


Oxidative workup á TAN + 3 SA 
1 OH 1 OH 


b. TEL 5 67 8 
——- — — , — 
H stretch [9] [e] 
m7 o o 
erase 
H here H DH 1"OH 
o Reductive Oxidative 
Reductive workup workup workup 
£A 
6 
o [e] 


Oxidative workup 
1 OH 
6 
[9] 
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11.5. Osmium tetroxide reacts with an alkene in the presence of fert-butyl hydroperoxide to attach an 
OH group at each carbon atom of the original x bond. This addition process breaks the double bond and 
leaves only a single bond. The two OH groups in the product will be cis to each other; and if new chiral 
centers are created, then either a racemic mixture or a meso compound will be formed. 


a. CY mem. . Os0, BuOOH | t-BuOOH (CR (racemic mixture) 
H t-BuOH, OH 

b. r3 .OsO, tBuOOH .—. t-BuOOH (racemic mixture) 
—— . tBuOH, OH- os 


11.6. To predict the products that are formed from ozonolysis of an alkene, follow the procedures 
outlined in the solution to Exercise 11.4. The reagent combination of osmium tetroxide and sodium 
periodate converts the alkene to the same products formed from ozonolysis with reductive workup. 


a. In this reaction, one alkene carbon atom in the substrate bears a hydrogen atom, but the other does 
not. With ozonolysis and reductive workup, the product mixture will comprise an aldehyde and a 
ketone molecule. The same products will be formed upon reaction with osmium tetroxide and 
sodium periodate. Under conditions of ozonolysis and oxidative workup, the product mixture will 
comprise a carboxylic acid and a ketone molecule. 


-= - OH 
OM Onus OH 
CH,CH,CH; CH,CH;CHs CH;CH;CH; 


O; followed by reductive workup O; followed by oxidative workup 
or OsO, + NalO, 


b. In this reaction, both alkene carbon atoms in the substrate bear at least one hydrogen atom, so the 
product mixtures will consist of either two aldehyde or two carboxylic acid molecules. 


H OH 


didi Pine + Ont WA, + Gayon 


H H 
O; followed by reductive workup O; followed by oxidative workup 
or OsO, + NalO, 


c. In this reaction, each alkene carbon atoms in the substrate bears at least one hydrogen atom, so the 
product mixtures will consist of either two aldehyde or two carboxylic acid molecules. 


j pu pu 
dg diio d SM 


O3 followed by reductive workup O3 followed by oxidative workup 
or OsO, + NalO, 
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11.7. The epoxidation of alkenes with use of a peracid occurs at the more highly substituted double bond 
if there is more than one alkene group. (A benzene ring does not undergo epoxidation reactions when 
treated with peracids.) The stereochemistry of the epoxide is the same as the starting alkene double bond 
(i.e., trans alkene - trans epoxide). If the starting material is achiral and new chiral centers are formed, 
then racemic products will be obtained. 


disubstituted double bond 


OCH; C 


vA "OH, 1 equiv MCPBA 
———————- 


OCH; 


YL ` monosubstituted 
double bond 
[9] 


11.8. The Swern oxidation procedure converts primary alcohols to aldehydes and secondary alcohols to 
ketones. The mechanism involves three steps. In the first step, a good leaving group is created in place 
of the hydroxyl group proton. In step 2, an ylide is formed by deprotonation at one of the methyl groups 
attached to sulfur. In the final step, elimination occurs to produce the carbonyl group and dimethyl 
sulfide. 


. Cicococ, DMSO POLIS 
| + HCI + CO + CO2 
 CHCh,-60°C — CH, 


CH3 
aet 


CH3 
O, + CH, 4 S ors 
Leu SER 2- — >» 
^ 
on O 


11.9. Oxidation of a 1° alcohol to an aldehyde requires non-aqueous conditions and normally makes use 
of Collins or Corey's reagent in dichloromethane as the solvent. Jones reagent or aqueous potassium 
permanganate converts a 1? alcohol to a carboxylic acid. All of these reagents convert a 2? alcohol to a 
ketone. Tertiary alcohols are inert toward all of these reagents. Manganese(IV) oxide converts benzylic 
and allylic alcohols to the corresponding carbonyl compounds: A primary benzylic or allylic alcohol 
yields an aldehyde, and a secondary benzylic or allylic alcohol yields a ketone. 


a. The reaction shown is the conversion of a 
secondary alcohol to a ketone: Use PCC, (Do — O 
CrO3/pyridine, CrOs in aqueous acid, or KMnO3 in 
aqueous base. 


b. The reaction shown is the conversion of a primary CHO 
benzylic alcohol to an aldehyde: Use [X CL 
CrO3/pyridine, PCC, or MnO». 


c. The reaction shown is the conversion of a primary 
alcohol to an aldehyde: Use PCC or PP a A^ cho 
CrOs/pyridine. 


d. The reaction shown is the conversion of a primary 
alcohol to a carboxylic acid: Use CrOsin aqueous nm m OH pn 
acid or KMnO: in aqueous base followed by COOH 


workup with aqueous acid. 
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11.10. Alkenes and alkynes are converted to the corresponding alkanes upon reaction with molecular 
hydrogen and a palladium catalyst. A poisoned catalyst is used to convert an alkyne to a cis alkene. 


ee ee e. urea. 


Pd/C 


pn 
catalyst 


11.11. To compare the oxidation levels of two carbon atoms, count how many heteroatoms are attached 
to each (expand the structures if necessary): the carbon atom with more bonds to a heteroatom is more 
oxidized (has a higher oxidation level). A double bond counts as two bonds to that heteroatom and a 
triple bond counts as three bonds. The number of heteroatom bonds is given in color for the indicated 
carbon atom in each molecule shown. 


> H OH -1 b. H C 1 H SH 
N/ i $7? \/ Y 
oe ee, oe SHAN 
more oxidized same oxidation level 
c. 2 3 d. 2 H i 
"C ok e cz? C; ^CHs 
cr C=N Na 
i more oxidized » 
more oxidized 
1 
f. 3 
[e] 2 N 
c^ c^ "cH lh Lon BA Lon, 
H H 


same oxidation level 


11.12. Follow the procedure outlined in the solution to Exercise 11.9. In addition, consider also the use 
of the Swern oxidation, which is used to convert 1° alcohols to aldehydes and 2° alcohols to ketones. The 
high valent iodine reagents IBX and DMP (Section 11.4d) also convert 1° alcohols to aldehydes and 2° 
alcohols to ketones. 


a. The reaction shown is the conversion of a primary alcohol to an aldehyde: Use the Swern oxidation, 
CrOs/pyridine, PCC, IBX, or DMP. 


OH a S SEINS, 
A S SS LM E ———- CHO 
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11.12. (continued) 


b. The reaction shown is the conversion of a primary alcohol to a carboxylic acid: Use CrOs in aqueous 
acid or KMnOs in aqueous base followed by acid workup. 


OH OSSA 
A S NN LORE ——— COOH 


c. The reaction shown is the conversion of a secondary alcohol to a ketone: Use any of the oxidizing 
reagents mentioned in this chapter except MnO2. 


OH o 
(XO ETT 
d. The reaction shown is the conversion of a 2? benzylic alcohol to a ketone: Use any of the oxidizing 
reagents mentioned in this chapter. 


OH Oo 
CO. =o 
e. The reaction shown is the conversion of a 2? benzylic alcohol to a ketone and the conversion of a 
primary alcohol to an aldehyde: use the Swern oxidation, CrOs/pyridine, PCC, IBX, or DMP. 


OH [e] 
OH 
CHO 


11.13. Given the structure of an epoxide, simply replace the oxygen atom with a double bond between 
the two carbon atoms bonded to the oxygen atom. The corresponding alkene is the one that would be 
used to prepare the epoxide by treatment with a peracid. 


a. fe) b. je) 
AP a> I A p =, 


C(CH3)s C(CH3)3 


eg ‘get 


11.14. The electrophilic addition reaction of bromine to a double bond in the presence of water yields a 
vicinal bromohydrin in which the OH group will be attached to the more highly substituted carbon atom. 
Treating the halohydrin with base generates an alkoxide ion in situ, which displaces the bromide ion to 
form the epoxide. 


JH „H 
o o M. 
Bro, H20 = 
or Biss A S Cr . OH. Che + H20 + Br 
©) "Br ^e Q) 
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11.14. (continued) 


HO H-0 
o 
Bro, H20 A cy 
— lie Br Br — > + H,0 + Br 
@ o 


11.15. To predict the products from various addition reactions, you have to recognize the reactivity 
properties of each reagent as well as the stereochemical consequences of its reactions. (Compare the 
reactions in this exercise with those in Exercise 9.25. and follow the procedures outlined in that exercise.) 
Reagents that are polar (electrophile and nucleophile) generally add to a double bond in a stepwise 
fashion, and addition occurs so that the electrophile becomes attached to the less highly-substituted 
carbon atom of the double bond (Markovnikov's rule). Some reagents cleave the double bond. Other 
reagents react with a double bond in a concerted manner, and the stereochemistry of those addition 
reactions is normally syn. 


cis-2-Butene 


The reagents that react via the electrophilic addition mechanism are shown in parts (a.) and (g.). Racemic 
products are formed because two new chiral centers are created in each instance by a stereospecific 
reaction that starts with an achiral reactant. For the reactions of cis-2-butene, the two carbon atoms in 
each product have the same configurations. 


H H HAOR o H OH 
Yd g(OAc); (R) MEI : Het Sis) 
A H20 Alle /| XM 
H3C CH3 H3C HgOAc (AcO)Hg CH3 
H H Br H Br 
pae / a. ox (R)\ E L2 CHs is /( ) 
/ T HzO HU \®) e ce 
HC CH3 H3C OH HO CH; 


The reagents that cleave the double bond are those in parts (c.) and (d.). The symmetry of cis-2-butene 
means that two equivalents of the same product (acetaldehyde) are formed. 


4 H H H H H 


NN: OsO, \ V 7 1. O3 N 
Tox —— À 2 ro fX — 2 C-—o 
alO, 2. (CH 
H3C CH, H3C HC CH3 (CH3}S H3C 


Hydrogenation and hydroboration are concerted processes. The stereochemistry of addition is not 
apparent in the products because only one chiral carbon atom at most is formed. Hydroboration yields a 
racemic mixture of 2-butanol. 


H H H H CH 
V / H2 CO, 1. BH3, THF 2 3 
C=C —— > CH4CH;CH;CHs c=c — > H;C—CH)-C,,,, 

, Pd/C A 2. H202, OH- H 

2v2 
H3C CH3 H4C CH3 OH 


racemic 
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11.15. (continued) 


The remaining two reactions, which are shown in parts (f.) and (h.), generate three-membered ring 
products. These are concerted syn addition processes. Two new chiral centers are created in each 
transformation but the molecules have an internal mirror plane, so they are meso compounds. The 
methyl groups in these three-membered ring products are cis. 


- H [e] H CCl 
PU MCPBA " "ht * ied CHCI}, OH- . Ti 
"H xn / Hy VH 
H3C CH3 H3C CH3 H3C CH3 H3C CH3 
meso meso 


trans-2-Butene 


The reactions with trans-2-butene and the listed reagents give the same products as those formed in the 
reactions of cis-2-butene. Any differences will manifest themselves in the stereochemistry of the 
products. For the reactions of the trans isomer with the electrophilic reagents, the two carbon atoms 
within each chiral product molecule will have opposite configurations. 


H CH HO CH H OH 
\ / ° Hg(OAc), wh. al Hen AiR 
c= ———— aQ"nc—C (S) * (S) C—C;,, 

/ \ H20 H \ CH 

H3C H H3C HgOAc (AcO)Hg H 
CH3 B Br CH3 H3C P 
r. SeH Hu 
c=c E e—a + (een 
I X H20 H We " 
H3C H H3C OH HO CH3 


The reagents that cleave the double bond will produce the same products from the trans isomer as those 
generated from the cis isomer. 


CH, H H — CH H 
V / OsO, \ V Z7 d \ 
PF — 2 C-—o PU ow 2 =O 
NalO 
H3C H * H3C H3C H 2. (CH3)2S HC 


Likewise, hydrogenation and hydroboration will produce the same products from the trans isomer as 
those generated from the cis isomer. Hydroboration yields a racemic mixture of 2-butanol. 


Ro p Ho H PMS 4. BH, THE , pis 
FR ——Á CH3CH2CH2CH3 ams ————- Hors Ts 
Pd/C 2. H202, OH- 
H3C H H3C H anne OH 


The reactions that generate three-membered ring products will produce racemic mixtures of the products 
(only one enantiomer is shown for each) instead of a meso isomer. The methyl groups in these three- 
membered ring products are trans. 


H CH3 o H CH3 Ceo 

WT. MCPBA p Xa V / ^ CHCh, OH- "AY 

C=C — MC—C,, =c ———- OCC, 

/ \ H \ CH3 / Ñ H \ os 
H3C H H3C H H3C H H3C H 
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11.16. Follow the procedures outlined in the solution to Exercise 11.15. For methylenecyclohexane, all of 
the products are achiral. 


Electrophilic addition: 


Hg(OAc); 
( » CH, a CH, Br 
OH 


Reagents that cleave the double bond: 


Oso, 
(ron em (ro + H»C=O ( hc O + H;C-O 
NalO4 2. (CH3)2S 


Hydrogenation and hydroboration: 


H2 1. BH3, THF 
CH; —————- CH3 CH, ————> CH;OH 
Pd/C 2. H505, OH- 


Reagents that generate three-membered ring products: 


* CCl 
SHEET. OH 2 


11.17. A tertiary alcohol is not susceptible to oxidation using metal oxide reagents. However, a tertiary 
allylic alcohol molecule that has been protonated can lose a molecule of water and rearrange to form a 2? 


allylic alcohol. All of these steps are reversible. 
+ 
JEU OH» 
H20 
ez 2 pus 


AA sac 
ZA ae —Íca 
©) 


OH 


Unlike a tertiary alcohol, a secondary alcohol is readily oxidized to form a ketone. This reaction 
is irreversible when a good oxidant is present. Therefore, the secondary alcohol formed by the 
rearrangement process shown in steps 1-4 is oxidized, and this final step continually shifts the previous 
equilibria in favor of forming the ketone product. 


PA dm AK —E Jt 


11.18. To determine the structure of the alkene that leads to the formation of carbonyl groups upon 
ozonolysis (with reductive workup), you only have to draw the molecule(s) with the carbonyl groups in 
proximity and facing each other, and then replace the C=O bonds with a single C=C bond, as shown in 
color for the following molecules. Finish by redrawing the alkene in its standard format. 


a: [e] [9] 4. CH3 


Hc—c c CH H3C m Uo 
3 1 7 B E 3 a K 3 = 


H»C—CH,—CH, H3C— CH;— CH; CH; 
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11.18. (continued) 


b. CH5- CH3 


Ore of OR. OL 


11.19. The dihydroxylation reaction catalyzed by osmium tetroxide yields a racemic mixture of products 


fra CHs 


in which the two OH groups are cis. If an epoxide ring is opened with water, a racemic mixture of 
products is formed in which the OH groups are trans. 


OH CH3 
PORON t-BuOOH z2?CHs 20H 
+ 
t-BuOH, OH- : H : OH 
OH H 
CH HO H3C 
3 z H 
[9] —— r + 
H Z OH E'H 
H OH 


11.20. The involvement of DMSO as an oxidizing agent suggests that a species may be formed with a 
structure like that of the intermediate in the Swern oxidation. Because DMSO has a negatively-charged 
oxygen atom in one resonance form, substitution seems likely given that 1° alkyl halides undergo either 
substitution or elimination reactions with nucleophiles/bases. DMSO is not a strong base, so elimination 
is unlikely. 

o- 

I 

AAC es 


hund dh dA. `s gois C^ 


d db. 


After formation of the sulfoxonium salt, the bicarbonate ion subsequently removes a proton from the 
adjacent carbon atom to form the carbon-oxygen double bond. 


O. CH, © o 
S ole di. dn d + (CH39S + H;CO 
lods n ae (CH), „cO 


11.21. Among the molecular orbitals (MOs) of unsaturated molecules, the MO with the lowest energy is 
the one without nodes between the atoms. As the MOs increase in energy, an additional node appears. 
The highest energy MO has a node between each pair of atoms. 

For the ozone molecule, the lowest energy MO has no nodes; the next higher energy MO has one 
node (at O2); the highest energy MO has two nodes, one between each pair of atoms (compare this 
diagram to that for the allyl system shown in Exercise 10.22). The four electrons are placed into the three 
orbitals, starting with the orbital at lowest energy; each orbital can hold two electrons. The middle MO is 
the HOMO because it is the orbital of highest energy that has electrons. For ozone, the orbital at the 
highest energy level is the LUMO. 
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11.21. (continued) 
NODES 


LUMO 


11.22. The structural framework and mechanism for the reaction between ozone and an alkene double 
bond are represented in the equation given directly below. 


(s - 

Eo "- ee 
(977-7: 1977 = 0: 
c—=c c——c 


This reaction is facile because the symmetries at the termini of the reactants’ MOs are the same for either 
combination that might occur. Notice that we can consider either the HOMO of the alkene reacting with 
the LUMO of ozone or the HOMO of ozone reacting with the LUMO of the alkene. 


HOMO 


LUMO 


11.23. To predict the products formed by the oxidation or reduction reactions of alkenes and alkynes, 
you first must decide whether the x bond or both bonds (c and zx) will be broken. For the reagents 
described in this chapter, the results can be summarized as follows: 


Only the x bond(s) Product(s) Both c and x bonds Product(s) 

Hə, Pd/C alkane Ozone, (CH3) 2S aldehydes & ketones 

Hp, Lindlar catalyst alkene Ozone, Zn and H20 aldehydes & ketones 
OsO;, NMO or t-BuOOH gem-diol Ozone, H 202 carboxylic acids & ketones 


RCOSH epoxide OsO: with NalO: aldehydes & ketones 
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11.23. (continued) 


If only the x bond is broken, addition occurs with cis stereochemistry. As always, if new chiral carbon 
atoms are formed, either a racemic mixture or meso compound will be formed as the product(s). 

If the oxidation process starts with an alcohol, then follow the procedure illustrated in the solution to 
Exercise 11.12. 


a. The combination of OsOs and t-BuOOH leads to dihydroxylation of the double bond. The relative 
stereochemistry cannot be determined. A new chiral center is formed, however, so the product exists 
as a racemic mixture. 


OY ——- OsO,, t-BuOOH v OH 
racemic 
t-BuOH, OH oF 
b. A peracid reacts with an alkene to form an epoxide. The cis stereochemistry of the double bond is 


retained. Two new chiral centers are formed, but the product is not symmetrical, so it is formed as a 
racemic mixture. 


H3C CH2OCH3 H3C CH2-OCH3 
C&cH5CO4H N 
Z^ ie Sy racemic 
H H H o R 


c. A peracid reacts with an alkene to form an epoxide. The stereochemistry of the double bond is not 
defined, so the product has only one chiral center and exists as a racemic mixture. 


o H 
T CF4CO4H ` 
———— racemic 


d. Ozonolysis with oxidative workup cleaves both c and x bonds. If a carbon atom in the original 
double bond has a proton attached, then that end will be converted to a carboxylic acid group. Both 
carbon atoms in the double bond of this molecule have an attached H atom, so each end is converted 
to the COOH group. A cyclic alkene yields a diacid when the double bond is cleaved. This product 
is achiral. 


HOOC 
1. O3 
H n achiral 
2. H202 HOOC 


H 


e. An alkyne reacts with hydrogen in the presence of the Lindlar (or poisoned) catalyst to form a cis 
alkene. The product of this reaction has no chiral center. 


Ph H2, Pd/BaSO, H CHPh; 
HC=C—CH zr ed 
Ph quinoline ü H 
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11.23. (continued) 


f. Ozonolysis with reductive workup cleaves both c and x bonds. If a carbon atom in the original 
double bond has a proton attached, then that end will be converted to an aldehyde group. If a carbon 
atom that constitutes the double bond has two non-hydrogen groups attached, then that end becomes 
a ketone. In this transformation, both types of products — an aldehyde and a ketone— are formed. 


H 1. O3 
— — ——»  PRCH;CHO + O 
Ph 2. Zn, HO 


— achiral 


g- An alkene reacts with hydrogen in the presence of a metal catalyst to form an alkane. The product of 
this reaction has no chiral center. These conditions do not affect the benzene ring. 


Jud aa” A RO 
achiral 
^w. Pd/C, ethanol 
h. The combination of OsO: and NaIOs cleaves both 6 and x bonds. If a carbon atom in the original 
double bond has a proton attached, then that end will be converted to an aldehyde group. If a carbon 


atom that constitutes the double bond has two non-hydrogen groups attached, then that end becomes 
a ketone. In this transformation, both product molecules are aldehydes. 


H H H H 
N / OSsOA,, ether N / 
P NalO4, H20 * "E 
alO4, 
achiral achiral 


11.24. The Cope reaction occurs in the same way that the Swern oxidation does: a base within the same 
molecule removes a proton by way of a five-membered ring transition state. The electrons from the C-H 
bond displace the heteroatom bearing the positive charge, which creates the new x bond. 


Swern 7CH5 
dE 


H @S—CHs R CH 
bb. A zs 
Rye — c—o + $ 
Cope "25 (om 
T 
ES E Ne N P Jens 
we Ceng | c=c + HO—N 
"E x / * D" 
R' R= R' R" 3 


11.25. The fact that the deuterium atom becomes attached to the front face of the pyridine ring (as 
drawn) suggests that the substrate molecule will be situated such that the deuterium can approach the 
pyridinium ring from only that direction. A base site in the enzyme active site removes the proton 
attached to oxygen, and the D atom is transferred to the pyridinium ring. The new stereogenic center in 
the dihydropyridine molecule is (R). 
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11.25. (continued) 


NK ~~~ enzyme active site 


o^ 
P RE n — 
"3 t "D 
H3C f. 
3 D 2 | NH2 
SS 
CN 
R 


11.26. Alcohol dehydrogenase converts a 1? or 2? alcohol to the corresponding carbonyl compound. 
Formaldehyde is the product of methanol oxidation. 


fa enzyme active site 


H 
— 
hy p 


11.27. For the oxidation reactions of alcohols, follow the procedure illustrated in the solution to Exercise 
11.12. For the cleavage of both c and x bonds, make use of the results summarized in Exercise 11.23. For 
the oxidation reactions of nitrogen-containing compounds, make use of the data shown in Section 11.5. 


a. The reaction shown is the conversion of an amine to a nitro compound. Dimethyldioxirane is the 
reagent used to carry out this transformation. 


NH2 NO2 
Li. ^ LL 

CH; CH3 
amine nitro compound 


b. The reaction shown is the conversion of a secondary, benzylic alcohol to a ketone: Use the Swern 
oxidation, CrOs/pyridine, PCC, CrO: in aqueous acid, KMnOs in aqueous base, MnO», IBX, or DMP. 


o5 — od 


2? benzylic alcohol ketone 
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11.27. (continued) 


c. 


The reaction shown is the conversion of a primary alcohol to a carboxylic acid: use CrOs in aqueous 
acid or KMnOs in aqueous base followed by acid workup. 


H cH, "em 
= H ~~ 
PC — C— COOH 
HO Ph Ph 
1? alcohol carboxylic acid 


The reaction shown is the dihydroxylation of an alkene 1 bond: use OsOs and a co-oxidant such as t- 


BuOOH or NMO. 
OH 
dI REI 
OH 


alkene vicinal diol 


This reaction results in the cleavage of a double bond, which forms two aldehyde molecules. Ozone 
followed by reductive workup or the combination of OsOs and NalO:can be used to accomplish this 


transformation. 
ais (— 8€ oo + CH3CHO 


alkene aldehydes (cleavage) 
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Solutions to Exercises for CHAPTER 1 2 


FREE RADICAL REACTIONS 


12.1. The free radical chlorination of chloromethane occurs in the same way that chlorination of methane 
does. Three separate steps are involved: initiation, propagation, and termination (the termination steps 
are not shown here). The initiation step involves homolysis of the Cl-Cl bond by the action of UV light. 
The propagation steps take place by alternating steps of H-atom abstraction from chloromethane and Cl- 
atom abstraction from molecular chlorine. Termination occurs whenever any of the radicals shown in the 
following scheme combine to form a bond. 


Initiation 


da ——— 20e 


Propagation 


"4 MG — p + CI—C—H 
MJ AJ 


\ © ‘oy 


12.2. The AH values for the iodination reaction of methane are calculated from the formula, AH?ra = 
X(BDEtroken) — X (BDEmace). The results of these calculations are shown below. 


First, write equations for the two propagation steps and make sure they give the overall process when 
added (the radical species should cancel): 


Ie + CH: — HI + CHie 
CH» + b — CHil + Ie 


CH: + b — CHsI + HI 


Next, tabulate the BDE values for each bond broken and made: 
Step (1): broken: CH3—H (BDE = 104 kcal « mol"); made: H—I (BDE = 71 kcal e mol) 
Step (2): broken: I—I (BDE = 36 kcal e mol"); made: CH3—I (BDE = 56 kcal e mol) 
Third, calculate the AH? value of each step by subtracting the BDE values of the bonds made from those 
broken: 
Step (1): AH*i- BDE (CH3—H) —BDE (H—I) = 104 — 71 =33 kcal e mol? 
Step (2): AH°2= BDE (I—I) —BDE (CH3—I) = 36 — 56 = -20 kcal « mol 
Finally, add the value of each step to obtain AH°na. 


AH®rm = AH°1+ AH°2= 33 kcal e mol? + (-20 kcal e mol!) = +13 kcal e mol 
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12.2. (continued) 


Conclusion: The overall enthalpy change for the free radical iodination reaction of methane is greater 
than zero, so the process is reactant favored. By comparison, the overall enthalpy change for the free 
radical bromination reaction of methane is exothermic, but not as much as the chlorination reaction is. 


12.3. Attach the appropriate numbers of chlorine atoms to the carbon atoms of ethane. Then name each 
compound according to the procedures you learned in Chapter 1 (number the chain from each end to 
make certain that you have not drawn the same substance twice). 


H H "t H H H 
H—C— C —H "X X^ H—C—C——H 
CI H CI H CI CI 
Chloroethane 1,1-Dichloroethane 1,2-Dichloroethane 
CI H H H [e] H CI [e] 
/ X / / "d 
CI— C— C. —H CI— C— C. —H CI— C— C. ——H H—C—C—H 
/ Ñ / N / X / N 
[e] H CI CI [e] CI CI CI 


1,1,1-Trichloroethane 1,1,2-Trichloroethane 1,1,1,2-Tetrachloroethane  1,1,2,2-Tetrachloroethane 


12.4. Follow the procedures outlined in the solution to Exercise 12.2. 


a. CH3CHoCHs + Cle — HCl + 1-propyl radical 
AH? = BDE (1° C-H) —BDE (H-Cl) = 98 — 103 = -5 kcal « mol? 


b. CH3CH2CH3 + Cle — HCl + 2-propyl radical 
AH? = BDE (2° C-H) —BDE (H-CI) = 95 — 103 = -8 kcal « mol? 


c. CH:CH:CHs + Cb — HCl + CH:CH:CH:CI 
AH*: = BDE (1° C-H) —BDE (H-Cl) -98 — 103 = -5 kcal «mol! 
AH® = BDE (CI-CI) — BDE (1? C-CI) = 58 — 81 = -23 kcal «mol! 


AH?ra. = AH% + AH?? = -28 kcal emol? 


d. CHsCH2CH3 + Cb — HCl + CH:CHCICHs 
AH®: - BDE (2? C-H) —BDE (H-Cl) -95 — 103- -8 kcal «mol! 
AH® - BDE (CI-CI) — BDE (2? C-Cl) = 58 — 80 = -22 kcal «mol! 


AH°nm = AH?^1 + AH?» = -30 kcal « mol 


12.5. Follow the procedures outlined in Example 12.2. First, draw all of the monochloro derivatives of 3- 
methylhexane. This molecule has no symmetry, so the substitution of chlorine for hydrogen at each 
carbon atom yields a unique isomer. 
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12.5. (continued) 


(1) o 
H3 cl 
(3) (2) (2) | (2) (3 | 
H3C— CH5;— CH; — C — CH;— CH35 H3C— CH5- CH5- C — CH5- CH 
re æ æ | æ x L 
(3) CH3 3 
4° 3-Chloro-3-methylhexane 
i i i 
eee wie ee ee iaiia dumis H3C—CH2-CH2-C—CH2-CH3 
CH3 CH3 CH5CI 
1-Chloro-4-methylhexane 1-Chloro-3-methylhexane 3-(Chloromethyl)hexane 
CI H Cl H fi i 
scaly i Aaa ab d. Tiii iiaii E dines 
H CH3 H CH3 CH3 H 
2-Chloro-4-methylhexane 3-Chloro-4-methylhexane 2-Chloro-3-methylhexane 


Next, multiply the number of equivalent hydrogen atoms at each position being substituted (the 
numbers of hydrogen atoms are indicated in parentheses on the structure above at the left) by its 
reactivity quotient: 5 for tertiary H; 3.7 for secondary H; and 1 for primary H). 

Finally, divide the number calculated for each hydrogen atom type by the total (36.2 for this 
molecule) and express the answer as a percentage. 


3-Chloro-3-methylhexane 1Hx5 =5 5+ 36.2=0.138 (13.8%) 
1-Chloro-4-methylhexane 3H x1 =3 3+ 36.2 =0.083 (8.3%) 
1-Chloro-3-methylhexane 3H x1 =3 3+ 36.2 =0.083 (8.3%) 
3-(Chloromethyl)hexane 3Hx1 =3 3+ 36.2 =0.083 (8.3%) 
2-Chloro-4-methylhexane 2Hx37 =74 2+ 36.2=0.204 (20.4%) 
3-Chloro-4-methylhexane 2Hx37 =7A4 2+ 36.2=0.204 (20.4%) 
2-Chloro-3-methylhexane 2Hx3.7 -74 2+ 36.2=0.204 (20.4%) 
36.2 (total) 


The major products will be 2-chloro-4-methylhexane, 3-chloro-4-methylhexane, and 2-chloro-3- 
methylhexane, each of which will be formed with a yield of 20.4%. 3-Chloro-3-methylhexane will be 
formed with a yield of 13.8%. The three products in which a methyl group has been substituted will each 
be formed as 8.3% of the product mixture. 


12.6. The relative reactivity order for hydrogen atoms in radical bromination reactions is benzylic, allylic 
»3'»2'» 1° > methyl Primary and secondary C-H bonds will only react to a substantial degree if 
tertiary, allylic, and benzylic hydrogen atoms are absent. The starting material in this exercise has 1°, 2°, 
and 3° carbon atoms. Therefore, the reaction is expected to proceed by replacement of the 3° hydrogen 
atom. 


Hz 2° H2 
20 Hoo“ BH 39 He AN ". 
LLL 
29 H2C~ o” Nch, 4° HC cA "cu, 


HP 2? Ho 
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12.7. In NBS bromination reactions, benzylic and allylic C-H bonds react preferentially. Within each of 
those types (benzylic and allylic), the reactivity order is 3° > 2° > 1°. The more stable the radical that can 
be formed by H-atom abstraction, the greater amount of the corresponding product will be formed. 
Therefore, classify each hydrogen atom type, and then choose the one(s) that will generate the most 
stable radical(s). 


a. The hydrogen atoms attached to the carbon atoms with sp? hybridization are all secondary. One set 
is allylic, one set is benzylic, and one set is both benzylic and allylic. The latter set should be most 
reactive because the resulting radical will be the best stabilized. When assessing free radical 
reactions of allylic systems, you must always consider its resonance forms because substitution can 
occur at either radical site. (A benzene ring will not be disrupted, so benzylic substitution always 
occurs adjacent to the benzene ring.) 


pc€- 9. - CCH 
Í 


\ H alkenyl 
c- CH H e 
| a CEN 
ko Br 
29, benzylic 
racemic racemic 


b. The hydrogen atoms attached to carbon atoms with sp? hybridization are either primary or tertiary, 
but several are also allylic. The tertiary, allylic hydrogen atom should be the most reactive because 
the resulting radical will be most stabilized. In this case, the allylic radical that is formed is 
symmetrical, so only one product is formed. 


alkenyl 
1° H 
o 
H' | | 
CH; CH, 1°, allylic 
3°, allylic 1° achiral 


12.8. Hydrogenolysis reactions will deave the bond between a heteroatom and a benzylic carbon atom 
with sp? hybridization. The bonds between heteroatoms and other types of carbon atoms are not 
normally affected. 


benzylic C-O bond wm tic nee) 
ON benzylic C 2 


12.9. Raney nickel reacts to remove sulfur and selenium atoms, replacing C-S and C-Se bonds with C-H 
bonds. The S or Se atom is converted to H2S or FbSe, respectively. 


CH 
a Het i a i: 
BETA xs H H207 “NH H07 72 
i S  ————»- HS + l = | =  CH4CH;CH;CH5CHs 
H2C~ c^ H2C~ cH H2C~ cy, 
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12.9. (continued) 


b. H2? H2 H2 H2 
ce E . 2 b di. A uA + H;Se 


E we HL eye 


12.10. A trans double bond is usually formed when a triple bond is reduced using sodium in liquid 
ammonia containing an added proton source. 


CH4CH;CH; P 


Na, NH3(1) 4 
CH3CH,CH,C=CCH,  —————» c=c 
t-BuOH AEN. 


H CH; 


trans-2-Hexene 


2-Hexyne 


12.11. An organohalide reacts with tributyltin hydride to form the product in which the halogen atom 
has been replaced by a hydrogen atom. If the molecule has a carbon-carbon double or triple bond within 
five atoms of the position at which a CI, Br, or I atom is attached, then ring formation also has to be 
considered. Fluorine atoms are inert toward the reactions with tin hydride reagents. 


a. Br H b. 
T H CF3 Br CF3 H 
———- — 


12.12. Termination steps occur whenever any two radicals combine and form a bond. In the process of 
the radical addition of HBr to 1-hexene, there are two radical species that exist during the course of the 
reaction: bromine atoms and the 1-bromo-2-hexyl radical. These can combine as shown in the following 
equations. 


Py 
Br - 2B Bp-—Br 
J 
CH2CH2CH3 CH2CH2CH3 
B 2. & H ———- Bgy 
re “Co — OR 
I» 
CH2Br CH3Br 
CH3CH2CH> CH2CH2CH3 H3CH2CH2C CH 2CH2CH3, 
\ 
H—C - - C—H ——— H—C—C—H 
/ WU 
BrH;C CH3Br BrH;C CH;Br 


12.13. To calculate the AH? values for the given reactions, follow the examples outlined in the solutions 
of Exercises 12.2 and 12.4. 


a. RCH-CH + Cle > R(e)CH- CH:Cl 
AH? - BDE (C=C) — BDE (1° C-Cl) = 65 — 81 = -16 kcal «molt 
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12.13. (continued) 
b. RCH=CH2 + Bre — R(e)CH-CH2Br 
AH? - BDE (C=C) — BDE (1° C -Br) = 65 — 68 =-3 kcal «mol? 


c RCH=CH + I+ + R(e)CH- CHA 
AH* = BDE (C=C) — BDE (1° C -I) = 65 — 53 = +12 kcal e mol! 


The reaction coordinate diagram for a single step will have the reactants and products separated by a 
barrier that represents the free energy of activation. In these reactions the product is the radical 
intermediate. The addition of an iodine atom to an alkene is endothermic, but the addition of a bromine 
or chlorine atom is exothermic. 


R-C—CH,Br 
| AH?- -3 kcal-mor* 
H 

R-C-CH;CI AH? = -16 kcal-mor ! 
I 


H 


Energy 


Reaction coordinate 


12.14. When styrene is converted to polystyrene with AIBN as the initiator, the first step involves 
decomposition of AIBN to form two 2-cyano-2-propyl radicals plus molecular nitrogen. This carbon 
radical adds to the x bond of styrene so as to form the benzylic radical. The resulting radical adds with 
the same regiochemistry to the x bond of another styrene molecule, a process that repeats over and over 
again. 


Initiation H.C CH H.C 
NC : E ec sus — ae "s bs HN 
7^9 =N 3 2 h 2 
H3C CH3 H3C 
Addition step 1 H.C H.C 
3 \ N 3 . 
NC—C* H9C—CH —- NC—0—CH,—CH 
H3C CH5 H3C CgHs 
Addition step 2 CcHs 
HaC, ri N HG, »à CH 
NC—C—CH;-CH H9C—CH — NC—C—CH;—CH 
» N N 
H3C CgHs5 I CeHs H3C CeHs 
Addition step 3 pes CeHs 
HG, eds L joss HC eos 
NC —p-0H- ch -- H,c= ce — lk a i CH2—CH  :---- > 


\ 
H3C bäi H3C C.Hs C6H5 
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12.15. The bromoalkene in this exercise has the 5-hexenyl type structure, so we expect cyclization to 
occur with formation of a five-membered ring product. The mechanism follows the usual pathway: 
Initiation (steps 1 and 2); abstraction of the halogen atom (step 3); addition to the x bond to generate the 
five-membered ring (step 4); and reduction of the carbon centered radical to form the hydrocarbon 
product with regeneration of the tributyltin radical (step 5). 


Initiation 
H3C CH HC 
NC à Ta omia: - — >: se bw @ 
7Y Wr Q / 2 
HC CH; H3C 
H3C CaHo H4C C4Hs 
No—-ix. J HA cH. e NOH d see 
/ — d v arg / \ 4rtg 
H3C C4Hs HC C4Hs 


Halogen abstraction and addition 


"- " CH3 
. 9 r 
Wit age Su —— pac UEM oO 
\ © © 


C4Hs 


Reduction 
CH3 


CH3 
CH CH 
<a Lm row A 3 4 © Sn(C4Hg) 


Note that the cyclization step generates both cis and trans isomers. 


CH3 CH3 CH3 
(R) (S) = 
CH; , why, CH3 
(R) (S) 
meso 


12.16. The Bergman cyclization for the bicydic molecule in this exercise creates a tricyclic system in 
which the central 6-membered ring is fused to a rigid diradical benzene ring and to a four-membered 
ring that has significant Baeyer strain. The geometric constraints imposed on the carbon skeleton by 
virtue of having three fused rings creates enough strain so as to prevent ring formation from occurring 
until the enediyne is heated to 100 °C. 


c 


12.17. It every hydrogen atom were abstracted at the same rate, then the product ratio would reflect only 
the total number of each hydrogen atom type. 2-Methylpropane has one tertiary hydrogen atom, and 
nine equivalent primary hydrogen atoms. The product ratio of 2-chloro-2-methylpropane to 1-chloro-2- 
methylpropane would therefore be 1:9. 
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12.17. (continued) 


1° yz 

"n «o QM He 
1° HaC—C—H - —> Hac—C—CI + HC—C—H 

HaC hv H3C H3C 

4° Ratio = 1:9 


12.18. To predict whether a reaction will yield one principal product, you need to consider the relative 
reactivity ratios of each hydrocarbon group in the substrate molecule as well as the reactivity of each 
reagent. In radical halogenation reactions, bromine atoms react at any type of (sp?)C-H bond, so we do 
not have to be concerned about the properties of the reagent itself. A benzylic C-H bond is more reactive 
than a 3° C-H bond, which in turn is more reactive than a 2° C-H bond. This order of reactivity allows us 
to predict which carbon atom(s) will undergo substitution. If there is a single type of C-H bond, then 
only one product will form. If there are several non-equivalent forms of a particular C-H bond type, 
then a mixture of products will be obtained, as in parts (b.) and (d.), below. 


a. Cyclobutane has only secondary hydrogen atoms, all of which are equivalent. A single product will 
be formed in the free radical bromination process. 


H 
2 2 | 
H2C—— CH; a H2C——C — Br 
T2 
L —- jJ 
H5C—— CH; hv H9C—— CH; 
29 29 


b. This substrate molecule has primary, secondary, and tertiary C-H bonds. For the free radical 
bromination procedure, we need only be concerned with the 3? centers that are present (cf. Exercise 
12.6 for an illustration of this principle). There are two different tertiary C-H bonds in this molecule, 
so two products will be formed. 


= 2 
2° 39, H2C— CH» NE a 78 
/ / 1 
He Se. CH2 Bo JAM D hA. UO 
a le ila ^ ms di Nc^ "i a "a dd Nc Hh 
a mE Th Hp 2° M 3 /SN H2 Ho FN H 
3°H CH; Br CH H CH; 


c. This substrate molecule has only primary and secondary hydrogen atoms, but two H atoms are also 
benzylic, so they will react preferentially. Because the benzylic hydrogen atoms are equivalent, a 
single product (ignoring stereochemistry) will be formed in the free radical bromination process. 


H Br 
H2 NEA 
d. This substrate has only primary and secondary hydrogen atoms, so the 2? centers will react 


preferentially (cf. Exercise 12.6). Three non-equivalent methylene groups are present in the starting 
material, so three monobromo products (ignoring stereoisomers) will be formed. 


12.18. (continued) 
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2 2 è 
1 H2 H2 1 H Br H Br 
C [e] CH3 Bro 
HC Ne "hae ò + + 
H2 / N hv 
29 HC CH3 H Br 
1? P 


12.19. To predict the structures of the products in each of the following transformations, you must learn 
the details about each reaction type, which can be found in the reaction summary section of the chapter. 
If a new chiral carbon center is formed, then both configurations will be formed in radical processes. 
Chiral centers that are away from the site of reaction are normally not affected by radical reactions. 


NBS and benzoyl peroxide react to form bromine radicals, which lead to replacement of hydrogen 
atoms by bromine. The order of reactivity is benzylic, allylic > 3° > 2° > 1° > methyl. Free radical 
substitution produces both configurations at the carbon atom undergoing reaction because the 
radical intermediate is planar and can react with bromine at either its top or bottom face. 


(racemic) 
gp 


Raney nickel removes sulfur atoms from organic molecules, replacing them with two hydrogen 
atoms. The chiral carbon atom attached to sulfur in this molecule is no longer chiral after replacing 
the S atom with H. The other chiral carbon atom is not affected; therefore the product is chiral, not 


racemic. 
s Raney nickel 
—— retention 
C MN 


Tributyltin hydride reacts with an organohalide to generate a radical at the carbon atom to which the 
halogen atom is attached. The resulting radical is reduced to yield the corresponding hydrocarbon. 
The stereochemistry at the halogen-substituted carbon atom is lost during the course of this 
transformation, but the other two chiral centers are retained. 


* retention 
"COOH AIBN, A ^ ''COOH 


In the presence of a peroxide co-reactant, HBr adds to double bonds with apparent anti-Markovnikov 
regiochemistry, meaning that the bromine atom becomes attached to the less highly-substituted end 
of the double bond. Addition of both H and Br can occur at either face of the double bond, so four 
stereoisomers are produced. 


CH3 H CH3 H Hs H CH3 H CH; 
HBr A Br A -Br S Br M .Br 
————— + + + 
peroxide 
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12.19. (continued) 


e. Hydrogenolysis cleaves the bond between a benzylic carbon atom and a heteroatom. In this 
substrate, the bond between the benzylic carbon atom and oxygen atom is replaced with a C-H bond. 
Other types of carbon-oxygen bonds are not affected. 


Ho, Pd/C CH; 
Gran = 


f. Allylic bromination reactions often give multiple products because the radical that is formed by H 
atom abstraction is delocalized: 


Bromination therefore occurs at the two centers to yield three products (two are stereoisomers). 


—— PR. d zh E. 
—————— = 
N (PhCO) `x t á T d 
achiral (racemic) 
g-i. These three transformations compare the possible reduction reactions that triple bonds can undergo. 
Catalytic hydrogenation with hydrogen and Pd/C gives the corresponding alkane; the cis alkene is 


produced if a poisoned catalyst is employed (see Sections 11.2a and 112b). A dissolving metal 
reduction utilizes sodium in liquid ammonia to form trans alkenes from alkynes. 


H2, Pd/C 
ANo ee CH3 ——————— " dis - diia. aii le 


Ho, Pd/BaSO; AUT 
—É————- 
^no —— CH3 gt a 


quinoline poison 


H 
Na, NH3 
CH 
ls odiis == CH — » AoW 3 
t-BuOH 


12.20. To compare different mechanisms, the enthalpy values are calculated and graphically plotted. 


a. The reaction coordinate diagram for the process of free radical chlorination starts with the 
hydrocarbon and chlorine, proceeds via formation of a radical intermediate, and yields the 
chlorinated product and HCl. The needed AH? values for methane chlorination were calculated in 
Section 12.2a. 


AH?947 +1 kcal-mor' 


Cl; + CH4 
? EE i HCI + «CH; 


AH yn = -25 kcal-mol' 


Energy 


AH?, = -26 kca.-mor' 


HCI + CHsCI 


Reaction coordinate 
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12.20. (continued) 


b. For the alternate mechanism, first write the equations for the steps: 
Cle + CH: + CH3Cl + He 
He + Cb + HCl + Cle 
CH4 + Cb — CH3Cl + HCl 


Then calculate the AH? values for each step: 
Step (1): AH: = BDE (CH:—H) —BDE (CH3—Cl) = 104 — 84 
Step (2): AH?» = BDE (CI—CI) —BDE (H—CI) = 58 — 103 
Add the value of each step to obtain AH?ra. 


20 kcal « mol? 
—45 kcal « mol? 


Il 


AH’ra = AH?^i* AH?2- 20 kcal e mol + (—45 kcal e mol?) = -25 kcal « mol! 


AH °,= 


Energy 


ä A 
He macik AH? = -45 kcal-mol 


AH? xn, = -25 kcal-mor' 


HCI + CHCl 


Reaction coordinate 


The original mechanism (via the methyl radical; black curve) is more reasonable because the alternate 
mechanism (via formation of the H atom; colored curve) requires significant amounts of energy to 
produce the first intermediate (even though this needed energy would be released in the second 


step). The AH°ra is the same for the two mechanisms, namely —25 kcal « mol +. 


With the assumption that AG°nm = AH°nna, you can see that each mechanism gives the same 
numerical result. The standard free energy change for a reaction is based only on the energies of the 


reactants and products, not on the step-by-step mechanism for converting reactants to products. 


12.21. This exercise is similar to Exercise 12.4; follow the procedure illustrated by its solution. 


a. CH3CHoCH3 + Bre — HBr + 1-propyl radical 
AH? = BDE (1° C-H) —BDE (H-Br) = 98 — 88 = 10 kcal «mol 


b. CH3CH2CH3 + Br — CH3CH2CHbBr + HBr 
AH*: = BDE (1° C-H) —BDE (H-Br) = 98 — 88 = 10 kcal «mol? 
AH?» = BDE (Br-Br) —BDE (1° C-Br) = 46 — 68 = -22 kcal « mol? 


AH°nn = AH%1 + AH?? = -12 kcal emol? 
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12.21. (continued) 


c. CH3CH2CH3 + Bre — HBr + 2-propyl radical 
AH? - BDE (2? C-H) —BDE (H-Br) = 95 — 88 = 7 kcal «mol 


d. CH3CH2CH3 + Br — HBr + CH:CHBrCH: 
AH*; -BDE(2* C-H) —BDE (H-Br)-95 — 88 = 7 kcal «mol 
AH® - BDE (Br-Br) — BDE (2? C-H) = 46 — 68 = -22 kcal «mol! 


AH°rm = AH: + AH?? -15 kcal e mol? 

12.22. The reaction coordinate diagram for the process of free radical bromination starts with the 
hydrocarbon and bromine, proceeds through formation of a radical intermediate, and yields the 
brominated product and HBr. Annotate such a diagram with the numerical data calculated in Exercise 
12.21. 


a. Reaction at the primary carbon atom b. Reaction at the secondary carbon atom 


CH3CH;CH; 
AHP, 


Bro+ CH3CH2CH3 


Br2+ CH3CH2CH3 


Energy 


AM xn = —12 kcal-mor! AMP xn = -15 kcal-mor' 


CH3CHBrCH3 
+ HBr 


CH4CH5CH3Br 
* HBr 


Reaction coordinate Reaction coordinate 


12.23. Follow the procedure illustrated in the solution to Exercise 12.21. 


a. CeHsCHs + Bre — HBr + CcsHsCHboe 
AH* = BDE (CéHsCH2-H) —BDE (H-Br) = 70 — 88 = -18 kcal « mol 


b. CeHe + Bre > HBr + CoHse 
AH? - BDE(CeH:-H) —BDE (H-Br) = 112 — 88 = 24 kcal «mol? 


c. CeHsCHs + Br —  CeHsCHoBr + HBr 
AH*: = BDE (C-H) —BDE (H-Br) = 70 — 88 
AH?» = BDE (Br-Br) —BDE (C-Br) = 46 — 58 


-18 kcal emol* 
-12 kcal «mol 


AH°nm = AH?1 + AH?» -30 kcal «mol 
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12.23. (continued) 


d. C&He + Br. — HBr + CHBr 
AH*: = BDE (C-H) —BDE (H-Br) = 112 — 88 
AH® - BDE (Br-Br) —BDE (C-Br) = 46 — 82 


24 kcal « mol! 
—36 kcal «mol 


AH*?ra. = AH?^1 + AH?» -12 kcal « mol 


12.24. Follow the procedure outlined in the solution to Exercise 12.22. Both steps in the reaction of 
toluene are exothermic, but free radical bromination of benzene is highly endothermic in the first step. 


a. Reaction at the benzylic carbon atom b. Reaction at the aryl carbon atom 


AH?, 


AH? 


Bro + CgHg 


Energy 


AH? xn = -12 kcal-mor' 


CgHsBr + HBr 


CgHsCH2Br + HBr 


Reaction coordinate Reaction coordinate 


12.25. In the free radical addition reactions of HBr, the bromine atom becomes attached to the less 
highly-substituted end of the x bond. The addition of one equivalent of HBr to an alkyne leads to 
formation of an alkene that can exist as both (E) and (Z) isomers. 


CH3CH2CH2CH2 H CH3CH2CH2CH2 Br 


HBr, ROOR, ^ -—ÓÁ —_ 
CH4CH;CH;CH,— CEC—H | —————————» c=c + c=c 
P «x P X 

H Br H H 

(E)-1-Bromo-1-hexene (Z)-1-Bromo-1-hexene 


12.26. Autoxidation can occur whenever a compound is exposed to molecular oxygen, which is a 
diradical species. Abstraction of a hydrogen atom from tetralin produces a benzylic radical (step 1) the 
formation of which is made possible by resonance stabilization. 


Bn" 


La m" c: 


©) 


Recombination of the two radicals generates the product (step 2). 
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12.26. (continued) 


HOO, H 


Cz UD CO 


Alternatively, the radical formed in step 1 (above) can also combine with oxygen, as shown below 
(step 3). Hydrogen atom abstraction from another molecule of tetralin (step 4) establishes a chain 
reaction. 


— OO 5g s CO 


12.27. The radical reactions described in this chapter are of two general types: substitution and addition. 
To predict the structures of the products expected in each of the following transformations, you must 
know the details of each reaction type, which can be found in the reaction summary section of the 
chapter. When radical intermediates are involved in the formation of products having new chiral 
centers, the reactions are not stereospecific. Therefore, if more than one chiral center is created, a mixture 


y 

Ò 

| 

[e 

J 

- 
os 
I 

T 

[e] 

[e] 

r 


of diastereomers will be formed. 


a. The reaction of HBr with an alkene or alkyne and a peroxide reagent leads to "anti-Markovnikov" 
addition of H and Br to the double bond. A new chiral center is formed, so the product is racemic. 


HBr, A ase 
racemic 


S En a 


b. The combination of NBS with peroxide and heat is used for allylic and benzylic bromination 
procedures. The substrate molecule here has benzylic C-H bonds, so the substitution reaction should 
be facile. Even though the substrate molecule is chiral, the chiral center in the product is formed 
from an achiral radical intermediate, so the product molecule is racemic. 


CH 
H 3 Br CH3 
d NBS, A V 
v ———— aN 
CY CH;CH; (PhCO;), CHCH, "acemice 


c. Tributyltin hydride, along with a radical initiator such as AIBN, reacts with organohalides to replace 
the halogen atom (except F) with a hydrogen atom. The chiral center in this substrate molecule is not 
affected by the reduction process, so the product has the same stereochemistry (unspecified) as the 
starting material. 


HOCH; Bu,SnH H OCH; 


p qw n——— pue retention 
* I * 


AIBN, A 
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12.27. (continued) 


d. 


Bromine reacts with hydrocarbons when irradiated with UV light to replace a hydrogen atom at the 
most highly substituted carbon atom. One chiral center that exists in the starting material is retained 
in the product, and a second chiral center in the product is formed via a radical inter-mediate that is 
planar at the reacting center. The product molecules are therefore diastereomers. 


CH; 


Bro, CH2Cl 
2 CHCl (diastereomers) 
hv 


Sodium in liquid ammonia plus a proton source converts an alkyne to the corresponding trans [or 
(E)] alkene. 


H 
CH3 CH; V CH; 
Na, NH3 Zu 
CEC—CH, ————— — C 
t-BuOH P" 
CH; CH; 


Hydrogenolysis cleaves the bond between a heteroatom and a benzylic carbon atom. Even though 
the starting compound is chiral, the radical intermediate involved in this reaction is achiral. Because 
a new chiral center is subsequently formed, the product is racemic. 


Hp, Pd/C 
(R) MEG escam * OH  racemic 


HC "o H CH, 


Tributyltin hydride, along with a radical initiator such as AIBN, reacts with organohalides to replace 
the halogen atom (except F) with a hydrogen atom. If a double bond is separated by four carbon 
atoms from the halogen atom in the molecule, then cyclization can occur. 


"sd Br M... DX) 
AIBN, A 
achiral 


The combination of NBS with peroxide and heat is used for allylic and benzylic bromination 
procedures. This substrate molecule has eight equivalent allylic C-H bonds, so the substitution 
reaction should be facile. A new chiral center is formed, so the product is racemic. 


H, Br 
DO mie Des 
(PhCO2)2 
Raney nickel replaces C-S bonds with C-H bonds. The sulfur-containing product is HS. 


T. ÁN o nickel 
+ CH3CH2CH3 + HS 


achiral achiral 
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12.27. (continued) 


j When irradiated with UV light, chlorine replace hydrogen atoms in the structures of hydrocarbon 
molecules. The amounts of each product can be calculated by the process illustrated in the solution 
to Exercise 12.5. Note that there are six methyl protons, four each of two types of methylene protons, 
and two methylene protons directly across the ring from the point at which the methyl groups are 
attached. The major product of this chlorination reaction is 1-chloromethyl-1-methylcyclohexane. 


CH3 CHCl 
Clo, CHCl 
Cra 2 CH;Cb One our i^n Jo: 
achiral 
racemic — 
6x5=30 4x3.7 7 14.8 4x3.7 714.8 2x3.7=74 


30/67=44.8%  148/67=22.1%  14.8/67=22.1% 7.4/67=11% 


12.28. During pyrolysis of organic molecules, homolysis reactions will generally proceed by routes that 
generate hydrogen atoms and/or the most stable carbon radicals (benzylic, allylic > 3° > 2° > 1° > methyl). 


a. The benzylic C-H and C-C bonds are the weakest because a benzyl radical formed by homolysis is 


resonance stabilized. For propylbenzene, cleavage can occur at either the C-H or C-C bond next to 
the ring. 


H eH 

"TO d 
o~ y 

i E * e CH 

MET 


b. 3,4-Dimethylpentane can lose a hydrogen atom to form a 3° radical. Cleavage of its central carbon- 
carbon bond generates two 2° alkyl radicals. 


H ei de 
H i 


c. tert-Butylcyclohexane can lose a hydrogen atom to form a 3° radical or it can undergo homolysis of 
the exocyclic C-C bond to form a 2° alkyl radical and a 3° alkyl radical. 
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12.28. (continued) 


d. 4-Methyl-1-pentene can lose a hydrogen atom to form an allylic radical. Cleavage of the carbon- 
carbon bond adjacent to the x bond will generate a 2° alkyl radical in addition to the allylic radical. 


BS aum ^ ds 


12.29. The tributyltin radical, generated from Bu:SnH and AIBN (see the solution to Exercise 12.15 for 
the mechanism of its formation), abstracts the iodine atom from the 5-iodopentanal to generate a 1° alkyl 
radical (step 1). The carbonyl double bond intercepts this radical (step 2), and the resulting oxygen- 
centered radical is quenched with tin hydride, regenerating BusSne to continue the chain reaction (step 
3). 


H 


Cp*— Aes —— ds PS uw os Sn(C4H9)s 
© 


12.30. This exercise is a variation of Exercise 12.27. If you ignore the given product and instead predict 
what the expected major product will be, then you can deduce why the reaction does not occur as 
written. 


a. An alkene will undergo allylic bromination when treated with NBS and a peroxide compound. The 
3° allylic hydrogen atom is expected to be more reactive than the 1° allylic hydrogen atoms. 


1°, allylic P. 3° allylic NBS, A vig nee 
H3C (PhCO,), H3C 


b. Organofluorides do not react with tributyltin radicals. 


c. A haloalkene will form a five-membered ring if the double bond is four carbon atoms away from a 
radical center that develops (a radical of the 5-hexenyl type). The product is a spiro compound 
instead of the illustrated fused bicyclic compound. 


AAD Ss — Q 
. ——— 
— ABNA A 


5-hexenyl radical 
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12.31. The structure of the given substrate molecule is ideal for forming a five-membered ring by radical 
cyclization according to the following pathway: 


(CaHs)Sn » ^ N CR ron Cy üt UG 


+ (C4Hg)3SnH * CH3 


NER Os 0 
wy E eem G pe F MPH 
H2C * CH3 


In part B of this exercise, the 1° alkyl radical formed in step 2 (above), reacts with molecular oxygen to 
form a carbon-oxygen bond (step 4), which subsequently forms the hydroperoxy group (step 5). 
o Oo 


[e] [e] 
— O0 
" P 
HC ° CH,—O 
[9] ° fe) O 
qom Ecg * (C4Hg)3Sn * 
o? 
CH,—O 


CH;-OOH 


o O, 


The hydroperoxy group becomes an alcohol functional group after cleavage of the oxygen-oxygen bond, 
which is quite weak. Tributyltin hydride is a good reducing agent, and it cleaves O—O bonds. 


fe) fe) fe) fe) 
CM Sn(C4Hg), ——— + HO—Sn(C4Ho)3 
OH 
gay © 


CH;-O CH5-O* 

fe) [o] fe) [o] 

ua sid ron ee, +  * Sn(C4Ho)3 
CH5-O* CH5- OH 


12.32. Reaction of an alkyl bromide with the tributyltin radical (look at the solution to Exercise 12.15 for 
the mechanism of its formation) generates an alkyl radical (step 1). Carbon monoxide can intercept this 
radical (step 2), and the resulting acyl radical abstracts a hydrogen atom from tributyltin hydride (step 3), 
which also regenerates the tributyltin radical and propagates the chain reaction. 


C4Hs Cay 
ai y NES T — a C,Hg—Sn—Br + C;H45- CH; 


C4Hg C4Hs 
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12.32. (continued) 


N T 
. Wo i'C=0: ee 
C;H45- CH2 ———»  C;H15- CH5- C—O* 


H 
" / 
i as i H= SN(CaHo)s ———À- CiHig-CH;-Q ++ Sn(C4Ho)s 


© X 


12.33. Galvinoxyl has the structure shown below. This radical is stabilized by extensive delocalization of 
the unpaired electron over the atoms of the entire 7 system. Notice that the unpaired electron appears on 
three of the carbon atoms in the rings that are substituted, as well as on the O atoms, which are flanked 
by tert-butyl groups. The tert-butyl groups prevent two radical centers from getting close enough to form 
a bond, which would lead to dimerization and destruction of the radical center. 


| 
| 


o 


12.34. With its weak O—CI bond, tert-butyl hypochlorite undergoes homolysis when irradiated, just as 
Ch or Br2do when they are subjected to irradiation with UV light. 
Initiation HQ lan ne Hs 
Hso—C-O7-Cl ———- Heco «Gr 
H3C H3C 
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12.34. (continued) 


A chain reaction subsequently ensues, starting with abstraction of an allylic hydrogen atom from 
cyclohexane (step 1). If there are two radical species present, as in this case, the H-atom abstraction step 
will occur with the atom or group that does not appear in the final product. The allylic radical formed in 
step 1 reacts with tert-butyl hypochlorite to form a carbon-chlorine bond (step 2). This second step also 
regenerates the tert-butoxy radical, which propagates the chain reaction. 


Propagation 


T4 CH3 à CH3 
Ly / A / 

|/0-C—6H, —— —- + HO-C—CH, 

CH3 © CH3 

H a pts H CH, 

Punte Crean 

CH3 © CH3 


12.35. The mechanism for the given tandem radical cyclization reaction starts with abstraction of the 
iodine atom (step 1) by the tributyltin radical (see the solution to Exercise 12.15 for the mechanism of its 
formation). Cyclization creates the five-membered ring (step 2). The alkyl group bearing the radical is 
attached to the top side of the cydopentanone ring (as drawn), so it most likely adds to the 
cyclopentanone double bond from the top as well, which forms the cis ring junction. A second five- 
membered ring is formed next (step 3), and the resulting radical is subsequently reduced by the reaction 
with tributyltin hydride to form the tricyclic product and regenerate the tributyltin radical (step 4). 


ie) [e] 
VA pen Oo IA + I—Sn(C4H9)s 
3" CH2 
Oo Oo 
H 
/-* E 


NL 
HC H H,c H 


H—ZSn(C4H9)3_ —— + * Sn(C4Ho)3 


Solutions to Exercises for CHAPTER 1 3 


PROTON AND CARBON NMR SPECTROSCOPY 


13.1. Follow the procedures outlined in Example 13.1. 


a. 


CH3 axis of symmetry CH3 
„Æ (2f) 
- ^, ^ 
ý CH3 CH3 
H3C CH H3C 
H3C CH3 T e H3C CH, \ 
a ae Se we 
" g Sa (cH; CH3 m p CH; 
3 3 center of symmetry 3 3 
plane of symmetry 
CH2 
ME, 
CH, HoC^| 7 —CH 
P 
H;C; HC H CH2 


13.2. Follow the procedures outlined in Examples 13.2 and 13.3. 


Aldehyde proton resonances normally appear at about 10 ppm, 
and alkene protons usually have chemical shift values between 5 
and 6 ppm. The resonance for a methyl group attached to a 
double bond is expected to appear at ô 1.6 (Table 13.1). 


All of the protons in this molecule are aliphatic ones, and the 
chemical shift values are estimated using the data in Table 13.1. 
The methylene group signal at ô 1.8 is estimated from the value of 
17 ppm for the substructure -CFb-C-C-C, assuming that a 
benzene ring has a slightly greater withdrawing effect than a 
double bond does. 


Carboxylic acid proton resonances normally appear at about 12 
ppm, and arene protons usually have chemical shift values 
between 7 and 8 ppm. The resonance for a methyl group attached 
to an aromatic ring is expected to appear at 5 2.3 (Table 13.1). 


The six protons shown in 
color are equivalent. 


The four protons shown 
in color are equivalent. 


The eight protons shown 
in color are equivalent. 


61.6 H3C CHO 6-10 
M. 
C=C 
7 A 


[e] 
618 t 
Los 
Ha3C- CH5- CH; OCH; 


60.9 62.2 63.7 


COOH 612 
cl CH, 523 


Br NO; 
87-8 H 
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13.3. The integrated intensity value of a signal in the proton NMR spectrum is proportional to the 
number of protons producing that signal. For 1,4-dimethoxybenzene, you can see that it has only two 
types of protons: methyl and aromatic. A ratio of 6:4 is the same as 3:2, so you could assign the signals 
to the correct proton type based only on the integrated intensity values of the signals. It is worth noting, 
however, that aromatic protons have their resonances in the region around 7 ppm, and the methoxy 
groups will produce a resonance at about 4 ppm (Table 3.1). 


9 H H 


2 EE T o RE 


H4CO OCHs 


6 equivalent aliphatic protons 
T T T T ] 4 equivalent aromatic protons 


13.4. Follow the procedures given in Example 13.5. 


a. This molecule has only two types of protons: methyl and methylene. Because the molecule has two 
equivalent ethyl groups, the proton NMR spectrum for this molecule has the same appearance as a 
spectrum for a single ethyl group (Figure 13.11). The chemical shift values are estimated from the 


data in Table 13.1. 
(3) 


6 equivalent 5 ~1 (2) 
/ TE x 
CH3- CH; Cha" CH; TMS 
LI b L 
ROC 3 
"T — IL | | m 
4 equivalent 5 2.4 4 3 2 1 0 


6 


b. This molecule has three types of protons: a methine group and two different types of methyl groups. 
The spectrum should consist of a singlet for the methoxy group because the methyl protons are more 
than three bonds from any other protons. The remaining protons constitute the isopropyl group, 
which will manifest itself in the NMR spectrum as a doublet and septet (Figure 13.11) with a ratio of 
6:1. The chemical shift values are estimated from the data in Table 13.1. The septet is shown as an 
expanded spectrum in the box. 


E (3) (6) 


6 equivalent ô 1.4 T 
íi rm ` N 
ens , A 
‘ 
Li 
C—H = 
Pow GR i " 
x 3. v. 537 — 
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13.5. Follow the procedure outlined in Example 13.6. 

The integrated intensity values are 1:3:6. Because the sum of these numbers (10) is the same as the 
number of hydrogen atoms in the given molecular formula, these numbers correspond to the absolute 
numbers of protons for each feature. This molecule has only aliphatic protons (all of the signals are 
between 0 and 3 ppm), and the observation of a doublet and a septet in a ratio of 6:1 means that an 
isopropyl group is present (Figure 13.11). The signal farthest downfield has a chemical shift value 
consistent with the presence of a CH fragment adjacent to a carbonyl group. Thus, this molecule has the 
-CO-CH(CH5) group. 

The feature that produces the signal at ô 2.0 has an integrated intensity of 3, which means that it is 
likely produced by a methyl group. The chemical shift value suggests 


that a methyl group is adjacent to a carbonyl group, CH3CO-, which P 

is consistent with its appearance as a singlet. Combining the two pu. 
fragments, we conclude that the molecule producing this spectrum is HC T-u 
3-methyl-2-butanone. CH3 


13.6. Follow the procedure outlined in the solution to Exercise 13.5. 

The integrated intensity values are 1:2:2:2:3. Because the sum of these numbers (10) is the same as 
the number of hydrogen atoms in the given molecular formula, these numbers correspond to the absolute 
numbers of protons for each feature. This molecule has aliphatic protons (the signals between 0 and 3 
ppm), aromatic protons (the signals between 7 and 8 ppm), and an aldehyde proton (most likely, based 
on the signal at 10 ppm). The observation of a triplet and a quartet with a ratio of 3:2 in the aliphatic 
region means that an ethyl group is present (Figure 13.11). The appearance of two doublets with a total 
integrated intensity value of 4 in the aromatic region is consistent with the presence of a 1,4-disub- 
stituted benzene ring in this molecule. 

Adding the atoms assigned so far (CH4 + CH2CH3 = CsH») accounts for all but one each of the 
carbon and hydrogen atoms plus an oxygen atom. These remaining atoms (C, H, and O) constitute the 
aldehyde group, which confirms that the signal at ô 10.0 is produced by an aldehyde group. Because the 
benzene ring has two substituents, we attach the ethyl and 
aldehyde groups to the ring. The signal for the methylene CH3CH2 
group should appear at about 6 2.7 (Table 13.1), as it does. OL. 

The molecule that produces this spectrum is 4-ethyl- CHO 
benzaldehyde. 


13.7. Follow the procedure outlined in the solution to Exercise 13.5. 

The integrated intensity values are 3:1:6. Because the sum of these numbers (10) is the same as the 
number of hydrogen atoms in the given molecular formula, these numbers correspond to the absolute 
numbers of protons for each feature. This molecule has only aliphatic protons (all of the signals are 
between 0 and 4 ppm), and the observation of a doublet and a septet in a ratio of 6:1 means that an 
isopropyl group is present (Figure 13.11). The signal at ô 2.5 has a chemical shift value consistent with 
the presence of a CH fragment adjacent to a carbonyl group, probably that of an ester (Table 13.1). Thus, 
this molecule has the -CO-CH(CH5) group. 

The feature that produces the signal at ô 3.7 has an integrated intensity of 3, which means that it is 
produced by a methyl group. The chemical shift value suggests the presence of a methyl group adjacent 
to the oxygen atom of the ester functional group, which means that the fragment CH3O- is present in the 
molecule. A CH30 group will produce a signal that appears as a 


singlet. Combining the two fragments, we conclude that the [o] 
molecule producing this spectrum is methyl 2-methyl- Hc I cH 
propanoate, which has the appropriate molecular formula and ix - ad hd 1 
the structure shown at the right. (Do not be concerned if you did m 


not name the molecule correctly; the nomenclature of esters will 
not be covered until Chapter 21.) 
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13.8. Follow the procedure outlined in the solution to Exercise 13.4. 

This molecule has three types of protons: a methine group, a methyl group, and a 1,4-disubstituted 
benzene ring. The aromatic portion should manifest itself as two doublets between 7 and 8 ppm; each 
doublet will have an integrated intensity value of 2. The methine proton (intensity = 1) should be split 
into a quartet by the adjacent methyl group (3 protons + 1 = 4 > quartet), and the methyl group protons 
(intensity = 3) should appear as a doublet because of coupling with the adjacent CH group (1 proton + 1 = 
2 — doublet). 

The chemical shift values for the aliphatic protons are estimated from the data in Table 13.1 in the 
manner shown below. (Do not be concerned if the chemical shift values that you estimate differ from 
those given here; it is more important at this stage to draw the features with the correct splitting patterns 
and integrated intensity values and to position them in the correct general regions.) 


( 


3) 
2) (2 
Hp He oar ( ) ( ) (1) a 
xx I 
2 0 


CI Hp 
Ha 6 8 6 4 
chemical shift chemical 
Table 13.1 shift 
Methine signal Br-CH—C 63.9 Table 13.1 
Br—CH—Ar 65.4 (estimated) 
chemical shift chemical 
Table 13.1 shift 
methyl signal 61.8 Table 13.1 
* 0.2 


52.0 (estimated) 


13.9. The isobutyl group should produce a spectrum with two doublets and a group of nine peaks. 
Assuming that X in the structure shown below is an electron-withdrawing group, the methylene protons 
(Hc) should produce the signal that is farthest downfield. This resonance will appear as a doublet 
because the CH» group is adjacent to a single proton (1 proton + 1 = 2 — doublet). The six protons of the 
two methyl groups are equivalent, and their signal will appear farthest upfield as a doublet because they 
are also within three bonds of the methine proton (1 proton * 1 - 2 — doublet). The upfield doublet 
should be about three times the height of the downfield doublet. 

The methine proton is three bonds away from eight aliphatic protons (2 methylene and 6 methyl 
protons). Therefore, its signal will be split into nine peaks (8 protons + 1 = 9). 


(6) 


MN Hg à 
ee (1) 


—— 
isobutyl group | 


doublet nine peaks doublet 


| | | 
He Hp Ha 
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13.10. Follow the procedure illustrated in the solution to Exercise 13.5. 

The integrated intensity values are 2:2:2:3, the sum of which (9) is the same as the number of 
hydrogen atoms in the given molecular formula. This molecule has only aliphatic protons (all of the 
signals are between 0 and 3 ppm). Assuming that the four features represent one methyl and three 
methylene groups, the remaining elements (C and N) constitute the nitrile group. The signal at 5 2.5 has 
a chemical shift value consistent with the presence of an electron withdrawing group (the only option for 
which is the nitrile group), so this molecule most likely has the -CFb-CN fragment. The feature at 6 2.5 
is a triplet, so this methylene group adjacent to the nitrile group has a methylene group on its other side 
CH2-CH2-CN. 

The feature that produces the signal at ô 0.95 has an integrated intensity of 3, which is associated 
with the presence of a methyl group. This feature is a triplet, so the methyl group producing it is 
adjacent to a methylene group CH3-CH»-. 

Combining these two fragments, which account for all of the atoms in the molecular formula, we 
condude that this molecule is pentanenitrile, CH3-CH2-CH2-CH2-CN. To confirm this assignment, 
verify that the splitting patterns for the signals of the internal methylene groups appear as expected. 


H30 — CH2 H2—CH2—C==N H3C—CH2—CH2—CH2—C==N 
SET ost protons + 1 = 6: The NMR signal li cat protons + 1 = 5: The NMR signal 
for the protons in color will appear as a sextet. for the protons in color will appear as a quintet. 


The spectrum displays two triplets, a quintet, and a sextet, all as predicted for CH:- CHo- CHo- CH?- CN. 


13.11. Follow the procedure illustrated in the solution to Exercise 13.10. 

The integrated intensity values are 1:2:2:3, the sum of which (8) is the same as the number of 
hydrogen atoms in the given molecular formula. This molecule has three types of aliphatic protons (the 
signals are all between 0 and 3 ppm) and an aldehyde group (8 9.8). Assuming that the three features in 
the aliphatic region represent one methyl and two methylene groups, the remaining elements (C, H, and 
O) are consistent with the presence of an aldehyde group. The signal at 5 2.5 has a chemical shift value 
consistent with the presence of an electron withdrawing group (the only option for which is the aldehyde 
group), so this molecule likely has the CHo-CHO fragment. 

The feature that produces the signal at 5 0.95 has an integrated intensity value of 3, which means that 
itis associated with a methyl group. This feature is a triplet, so associated methyl group producing it is 
adjacent to a methylene group CHs-CE»-. 

Combining these two fragments, which account for all of the atoms in the molecular formula, we 
condude that this molecule is butanal, CH3-CH2-CH2-CHO. To confirm this assignment, verify that the 
splitting patterns for the remaining signals are as expected. 


oO one adjacent proton + 1 = 2: 
CH3—CH2—CH2—C. (The NMR signal for the protons in color The influence of two different types of 
H will appear as a doublet (J = 2 Hz). neighboring protons means that the NMR signal 
| i J for the protons in color will appear as a doublet 
two adjacent protons + 1 = 3: The NMR signal for the of triplets. 


protons in color will appear as a triplet (J = 7 Hz). 


fe) [o] 
"A 4 
CH3— CH5— CH5— C CH3— CH?—CH;—C. 
in ere B. 
five adjacent protons + 1 = 6: two adjacent protons + 1 = 3: The NMR signal 
The NMR signal for the protons in color for the aldehyde proton will appear as a triplet 
will appear as a sextet (J = 7 Hz). (J=2 Hz). 


The spectrum displays a triplet (J = 2 Hz), a doublet of triplets (J = 2 Hz and 7 Hz), a sextet (J = 7 Hz), and 
a triplet (J = 7 Hz), all as predicted for CH:-CHo- CH»-CHO. 


210 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


13.12. Make use of the data in Figure 13.23 to estimate the expected chemical shift values for the 
indicated carbon atoms. The carbon atom in color in each structure is the one that will produce the signal 


that appears farther downfield. 
H 


l 
a. CH3CH2CH2—CŒ=N b. COOCH; G Haes cae 
l | Il 
5~ 120 H o 
6 30-40 6 - 165 640-60 6 20-30 6 110-150 
13.13. Make use of the data in Figure 13.23 to predict the type of carbon atom associated with the given 


chemical shift value for a specific resonance. Use the DEPT results to determine how many protons are 
attached to each carbon atom. 


a. The compound that produces this spectrum has a carbonyl group, an aromatic ring, and two 
aliphatic carbon atoms. From its chemical shift value, the carbonyl group is either that of an 
aldehyde or ketone, but the resonance is not associated with a proton, so the molecule must be a 
ketone. The benzene ring must have two substituents (two carbon atoms have no attached H atom). 

The possible patterns for the carbon resonances associated with a disubstituted benzene ring are 
illustrated below (the different shapes represent different types of carbon atoms), and from them we 
can conclude that the ring is disubstituted in positions 1 and 4. The aliphatic carbon atoms comprise 
a methylene and a methyl group. 


206.2 C=O (ketone) X 7^ 
134.1 Ar QzQo .—O Q= 
" / N rd N 7 \ 
129.2 Ar 4 signals x—e .— m e—x a e—X 
128.5 Ar (CH) (2 with 1H) \ 4 \ 7 M 4 
o-9 oO—sa m—o 
126.6 Ar (CH) 
50.7 CH; 2 signals 4 signals 3 signals 
290 CH; (1 with 1H) (3 with 1H) (2 with 1H) 
% Y 
s—O .e—m *—e 
Y 4 5 £ g 5 Z 4 5 Z 
EW. V 7 S 7 
s—O *$—9 D—m 
4 signals 6 signals 6 signals 
(2 with 1H) (4 with 1H) (4 with 1H) 


b. The compound that produces this spectrum has a carbonyl group and two aliphatic carbon atoms. 
From its chemical shift value, the carbonyl group is either that of an aldehyde or ketone. Because the 
carbonyl resonance is associated with one proton, the molecule must have the aldehyde group. The 
aliphatic carbon atoms comprise a methine and a methyl group. 


13.14. Use the data given in Table 13.4 to estimate the chemical shift values for the associated carbon 
atoms. These are illustrated below as lines in the broad-band decoupled spectra (the values used for the 
resonance positions in these spectra are somewhat arbitrary, but the general regions are correct). 

The expected DEPT spectra are indicated as the appropriate hydrocarbon group (or C atom) above 
each peak in the broad-band decoupled spectrum. 

The expected patterns for off-resonance decoupled spectra are indicated by the letters below each 
peak in the broad-band decoupled spectrum (s = singlet, d = doublet, t = triplet, q = quartet). 
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13.14. (continued) 


a. Example 13.7: 1-bromo-4-ethylbenzene 


CH CH; 


DEPT spectrum 
CH CH2 
Br CH2CH3 C 
Cc 


broad-band spectrum 
6 150 100 50 0 


| off-resonance patterns 


CH; DEPT spectrum 
CH 
(J acmon CH CH2 
G 


broad-band spectrum 
6 150 100 50 0 
| off-resonance patterns 


c. Example 13.9: 4-methylbenzaldehyde 


CH CH; 
H3C CHO CH DEPT spectrum 


broad-band spectrum 
6 200 150 100 50 0 


} off-resonance pattems 


d. Example 13.10: 2-ethoxypropane 


H3C CH; 


CH; 
H—-0-CH;CH; j CH, | DEPTSpecHa 


CH 
H3C 


broad-band spectrum 


ó 80 60 40 20 0 
d t q q } off-resonance patterns 
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13.15. To identify chemically equivalent protons, start with one group and follow the procedures 
outlined in Example 13.1 and illustrated in the solution to Exercise 13.1. Continue until you have 


evaluated each set of protons. " 
a 
HQ Ch) 
a. This molecule has no symmetry elements (center, 


axis, or plane), so all six sets are different. The three f (H P T c 


protons of the methyl group are equivalent to each 


other, however. e (H) (H) d 


b. This molecule has no symmetry elements (center, b cog) c 
axis, or plane), so all five sets of protons are | 
different. The three protons of each methyl group (H,C€H)- 6-KCH) d 
are equivalent to each other, as are the two protons ® 
of the methylene group. 


c. This molecule has a plane of symmetry that passes 
through the benzene ring and bisects the methyl 
group and the proton labeled “b,” so there are three 
sets of protons. The protons attached to the ring 
next to the chlorine atoms are equivalent as are the 
three protons of the methyl group. 


d. This molecule has a center of symmetry, so there are 
two different sets of protons. The two alkene 
protons are equivalent, as are all six protons that 
constitute the two methyl groups. 


e. This molecule has a plane of symmetry that passes 
through the benzene ring and bisects the nitro and 
hydroxyl groups, so there are three sets of protons. 
The protons attached to the ring next to the 
hydroxyl group and those attached adjacent to the 
nitro group are equivalent to each other. 


f. This molecule has a plane of symmetry that passes b 
through the methine, methylene, and hydroxyl " d 
groups, so there are four sets of protons. All six 
protons that constitute the two methyl groups are C (cu; dH) 
equivalent, as are the two protons of the methylene 


group. 


13.16. The chemical shift value for a particular proton is affected by its electronic environment. 
Magnetic anisotropy often has the greatest effect, especially if t bonds are present in a molecule. 
Inductive effects, created by the electronegativity properties of the substituents, influence chemical shift 
values as well. If you are evaluating the chemical shifts of protons in similar environments, pay attention 
to the electron-withdrawing or donating influences of neighboring groups. For more significant 
structural changes, use a compilation summary such as Figure 13.3 or Table 13.1. 
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13.16. (continued) 


a. The general structures of these molecules are the same, so the chemical shift values of the methine 
protons will be affected by the electron-withdrawing nature of the group attached to this center. The 
given values are from Table 13.1. 


cl OH COOH 
—— ee, —— SNA CH4CH;- CH;-C—CH; 
h ^ " 
82.5 83.9 840 


b. The structures of these molecules differ in the proximity of the methylene protons to the electron- 
withdrawing groups. Two of the values are calculated using data from Table 13.1. 


VC 


82.7 (Table 13.1) 


chemical shift 
Table 13.1 chemical shift 
? C—CH,—CO-R 62.4 Table 13.1 
( oet T OBREERGR ELSE > +04 
B Ar-CH5—CH;-CO-R 6 2.8 (estimated) 
6 2.8 (estimated) 
chemical shift 
Table 13.1 chemical shift 
T C-CH, 813 eiim C—CH;—CO-R 652.4 Table 13.1 
didetemetthttmmItR >= +14 
CH5—C— CH;CH4 2 p + 
. ArecH. 027 Ar—CH;-CO-R 83.8 (estimated) 


6 3.8 (estimated) 


c. The protons that are being evaluated in these molecules are substantially different, so use Figure 13.1 
to estimate their chemical shift values. 


Br CHO COOH 
64 6 10 6 12 


d. The methylene protons that are being evaluated in these molecules differ in their proximity to the 
same electron-withdrawing atom. Their chemical shift values are obtained or estimated using the 
data in Table 13.1. 


CH4CH;CH;CH;Cl ^ CH4CH;CH;CH;C| ^ CHs4CH;CH,CH;C| ^ CH4CH;CH;CH;CI 


60.9 641.2 6 1.8 63.3 
Table 13.1 (estimated) Table 13.1 Table 13.1 
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13.17. Make use of the data in Figure 13.3 and Table 13.1 to estimate the expected chemical shift values 
for the different types of protons. The proton shown in color in each structure is the one that will 
produce the signal that appears farther downfield. 


a. b. H 67-8 & y uw Hem 
524 o 822 f ^ 57-8 52.7 
N à E 810 


CH4CH;-CH;—C— CH; 


13.18. Make use of the data in Figure 13.23 to estimate the expected chemical shift values for the 
different types of carbon atoms. The carbon atom shown in color in each structure is the one that will 
produce the signal that appears farther downfield. 


a. b. c H H 


5 40-50 CH 5 ~120 
^ o Ç 53040 73 f^ i d 
Il = 5-190 6 ~120 Í S 5 30-40 
CH3CH2-CH2—C—CH3 N CHO p 


13.19. The spin-spin splitting pattern observed for the resonance associated with a particular set of 
protons is related to the number of protons attached three bonds away. For n neighboring protons, the 
multiplicity of the resonance being observed is n + 1. For protons attached to a benzene ring, the 
predominant pattern is related to the number of protons attached to the adjacent carbon atoms. lf 
different types of protons are three bonds away, then a more complex pattern will be observed (part c.). 

It is usually helpful to expand a structure to be certain how many protons are three bonds away from 
the one(s) being evaluated. In the structures given below, the proton(s) being evaluated are shown in 
color and the neighboring protons are circled. 


a. There are two protons that are three bonds away from the 1 (9 li 
methylene protons being evaluated. The methylene H—C-—C—C-—Br 
resonance will therefore appear as 2 + 1 = 3 peaks, a triplet. | Ò | 

H H 

b. There are five similar protons (all aliphatic) that are three 
bonds away from the methylene protons being evaluated. H 
The methylene resonance will therefore appear as 5 +1 = 6 Ho - L —" 
peaks, a sextet. o | 

H 

c. There are six aliphatic protons plus one proton attached to 
the sulfur atom that are three bonds away from the methine 
proton being evaluated. The methylene resonance will OR 
therefore appear as 6 + 1=7 peaks, a septet in addition to 1 + C H 
1-2, a doublet. Its overall appearance will therefore be a n bod 
doublet of septets. If the J values for the two types of Pá `s-[n] 


coupling are the same (say, 7 Hz), then we can group all of (gf S 
the neighboring protons together, and then the methine t 
proton signal will appear as (6 + 1) + 1 =8 peaks, an octet. 
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13.19. (continued) 


d. 


H 
There is only one proton within three bonds of the alkene Q / 
proton being evaluated. Its resonance will therefore appear / 
as 1+ 1=2 peaks, a doublet. ial OCH3 
HaC CH3 
There is one proton that is three bonds away from the (H) H 
aromatic proton being evaluated. Its signal will therefore 
appear as 1 + 1 = 2 peaks, a doublet. HC . >) Br 
H H 
There is one proton that is three bonds away from the H H 
aromatic proton being evaluated. Its resonance will 
therefore appear as 1 + 1 = 2 peaks, a doublet. H3C C ) CH) 
Br H 


13.20. The off-resonance spectrum will have peak patterns that are equal to one more than the number of 
protons attached to the carbon atom being evaluated. 


a. 


2 protons 2 protons 1 proton 
£C pi b. Ze P c. Y^ P 
CH3CH5;CH5— Br CH3CH5CH5 — OH (CH3)2CH— SH 
2+1=3 2+1=3 141-2 
triplet triplet doublet 
É 
H H e. H H f H H 
\ / \ 
a X " 
(CH) OCH; oy nad bad: me The 
= 0 prot 0 proton 
odd H H Br H 
0+1=1 1+1=2 0+1=1 
singlet doublet singlet 


13.21. Follow the procedure illustrated in the solutions to Exercises 13.4 and 13.8. 


a. 


This molecule has four types of protons: a methyl group, two methylene groups, and a 1,4- 
disubstituted benzene ring. The aromatic portion should manifest itself as two doublets between 7 
and 8 ppm; each doublet will have an integrated intensity value of 2. One methylene group 
(intensity = 2) should produce a singlet. The ethyl group should manifest itself as a quartet and 
triplet (intensity ratio 2:3). (The chemical shift values for the aliphatic protons are estimated by using 
the data in Table 13.1 and are only approximate.) 


3 
H (3) 


(2) 
ON Hg (2) 
i - (2) (2) | TMS 
H TO V3 
ree MA LiL] 
H HHH 


"Wo p Lb 4» |J 
6 8 T 4 3 2 1 0 
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13.21. (continued) 


b. This molecule has an isobutyl group and a methyl group, both of which are attached to a carbonyl 
group. The methyl group (intensity = 3) should produce a singlet, and the isobutyl group will 
produce two doublets and a nine-peak pattern (see Exercise 13.9). (The chemical shift values for the 
protons are estimated by using the data in Table 13.1.) 


(3) 


c. This molecule has four types of protons: a methyl group, a methylene group, and two different 
protons of a cis alkene. The alkene proton resonances will appear between 5 and 6 ppm, and the 
aliphatic proton signals will be observed between 1 and 3 ppm. The latter are part of an ethyl group, 
which should manifest itself as a quartet and triplet (intensity ratio 2:3) except that the methylene 
group is also three bonds away from one of the alkene protons. If we assume that all of the coupling 
constants are 7 Hz (as shown directly below), then we can group all of the neighboring protons 
together. In that case, the methylene group will appear as a quintet [(3 + 1) protons + 1 =5 peaks], 
and Ha will appear as a quartet [2 + 1 protons + 1 = 4 peaks]. No matter what the J values are, the 
resonance for the methyl group will appear as a triplet, and the signal for H» will appir as a doublet. 


CH3CH» cl 
\ / 
FOR 
H H Hp Ha (2) 
7Hz qu q TMS 
CE. 5 cl 
DW 6 5 4 3 2 1 0 
7Hz / N 5 
Ha "- Hp 
7 Hz Ha 
If the coupling constants are different (the most CH3CH; cl | 
likely difference will be in the coupling between the Yd ry 8Hz 
alkene protons because J values among aliphatic rhe 
protons are typically 7 Hz), then the signal for Ha Ha CT. Hb SY THz 
will appear as a doublet of triplets, as shown at the 8 Hz 


i 
right. Such a pattern will be more noticeable as the 
magnitudes of the J values become increasingly | 
different. 
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13.22. Follow the procedures outlined in the solution to Exercise 13.14. (The chemical shift values are 
only approximate.) 


a. 
H CH CH3 
ON H CH CH; 
CH2 
P an " Clic 
H c^ Mc^ 3 
4 o AEX 
Ho A HHH e l A 0 A a q.d aa 
6 200 150 100 50 0 
C-O Arene Aliphatic 
b CH3 
" CH o CH; 
CH 
H oN “Noy T 
C 
3 I^ 3 
H H 
-FT a ow & ada o 1$ Lg Lb l 
6 200 150 100 50 0 
=O Aliphatic 
© CH 
CH3 
CH3CH3 cl CH CH2 
\ 
c= 
/ N 
H H 
"A" T» T 4 & d$ T d € T3 1! 
6 150 100 50 0 
Alkene Aliphatic 


13.23. There can be many subtle differences that arise because of the variations of chemical shift values 
with structure. To discriminate between isomers using proton NMR spectra, however, it is most helpful 
to focus on the more substantive differences associated with the distinct types of protons that are present 
in each molecule, especially protons within functional groups or aliphatic protons adjacent to functional 
groups. 


a. HCZEC— CH;CH;CH;OH CH;CH;CHO 
al S Hn kas 610 
8-12 636 lino A 
824 
8 5-6, 3H 


1H, exchanges with D20 


[9] 


[9] 
f $29,3H 
f 8-5,2H 
CH3Br CH3 
Br 
a 


a | 
6 7-8, 5H 6 7-8, 4H, two doublets 
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13.24. There can be many subtle differences that arise because of the variations of chemical shift values 
with structure. To discriminate between isomers using BC NMR spectra, however, it is most helpful to 
focus on the more substantive differences associated with the distinct types of carbon atoms that are 
present in each molecule, especially those that constitute functional groups. DEPT spectra may vary 
because of different ways the protons are distributed. The resonances associated with aliphatic carbon 
atoms often do not vary appreciably, but the DEPT spectra can differentiate between them. 


a. HC C— CH;CH;CH;OH CH»CH2CHO 
ÁN 8 70-100 Hcc = 8 180-200 
1 \ 1H (DEPT) 
370-100 0H (DEPT) — y Ua 8 110-150 
1H (DEPT) 5 110- 
SIEUT 1H (DEPT) 
fe) 
8-50 P n 6-30 
CHBr 2H (DEPT) CH; 3H (DEPT) 
Br 
—— —— 
d 110-150 4 resonances 6110-150 4 resonances 
3 with 1H (DEPT) 2 with 1H (DEPT) 
1 with OH (DEPT) 2 with OH (DEPT) 


13.25. The same criteria described in the solution to Exercise 13.23 apply in cases such as the ones in this 
exercise: Focus on the substantive structural changes that occur. 


a. The ethyl groups within each molecule— starting material or product—are equivalent. This 
equivalence is manifest in the integrated intensity values (given in the labels as 2H, 3H, 6H, etc.). 


iff 6 2.4, 2H, quartet 
CH2CH3 6 3.9, 6H, quintet (v 6 1.0, 3H, triplet 


H 
Ho” ouch, 


8 19, 4H, quintet CH2CHs 
o=C 
: NS 
6 1.0, 6H, triplet CH2CH3 
1H, exchanges with D20 


b. The aromatic rings in all three molecules will likely produce similar signals, so the focus should be 


on the side chain substructures. 


or PES 648, 2H, singlet LI 2 
4 6 2.3, 3H, singlet l 647, 2H, singlet É 63.3, 3H, singlet 


13.26. The same criteria described in the solution to Exercise 13.24 apply in cases such as the ones in this 
exercise: Focus on the substantive structural changes that occur. 


a. The ethyl groups within each molecule—starting material or product—are equivalent. The carbon 
atom attached to the oxygen atom in each molecule will be the most different. 


MC s. 3 
H ; 560-75 CH2CH3 n men 


TE 1H (DEPT) — P d 

A vu 61020 ERU a 
HO CH2CH3 3H (DEPT) CH2CH3 (DEPT) 
8 20-30 8 30-40 


2H (DEPT) 2H (DEPT) 
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13.26. (continued) 


b. The aromatic rings in all three molecules will likely produce similar signals, so the focus should be 
on the side chain substructures. 


C C) CY) 
‘a 8 10-20 É - d 


6 30-40 6 30-40 6 40-70 
3H (DEPT) 2H (DEPT) 2H (DEPT) 3H (DEPT) 


13.27. The proton NMR spectrum in this exercise displays only 
singlets, so the carbon atoms bearing protons must be isolated from 
the others by quaternary carbon atoms, heteroatoms, or functional 


groups that do not have protons. The integrated intensity values of 2, 1 ii CH 

3 
3, and 9 (left to right) suggest the presence of a methylene group, a C d 
methyl group, and a tert-butyl group. Subtracting those elements from HC b Nc; 
the molecular formula (C7HisO - CH2 - CH3- CiH») leaves C and O, a d j^ 


carbonyl group. The methylene and methyl groups cannot be adjacent 
or spin coupling would occur, so com-bining these fragments is 
possible in only one way, as shown at the right. 

To support this conclusion using ^C NMR spectroscopy, we would expect to see three resonances in 
the 6 20-30 region for the two different types of methyl groups and the methylene group, a peak in the 5 
40-60 region for the quaternary carbon atom, and a signal around ô 205 for the ketone carbonyl carbon 
atom. 


CH, CH3 


Predicted "°C NMR spectrum 


5 200 150 100 50 0 
C-O Aliphatic 


13.28. The proton NMR spectrum in this exercise has only singlets, so the carbon atoms bearing protons 
must be isolated from the others by quaternary carbon atoms, heteroatoms, or functional groups that do 
not have protons. The integrated intensity values of 5, 3, and 6 (left to right) suggest the presence of a 
monosubstituted benzene ring (5 7.3), a methylene group, and two equivalent methyl groups. 


Subtracting these elements from the molecular formula H H 
(CHN — CeHs - CH2- CH - CH3) leaves only a nitrogen Y CH 
atom. The methylene and methyl groups cannot be adjacent NU a 
or spin coupling would occur, so combining these fragments Ha lu 

3 


is possible in only one way: 


13.29. The integrated intensity values are 1:2:2:6:3, the sum of which (14) is the same as the number of 
hydrogen atoms in the given molecular formula. This molecule has only aliphatic protons (all of the 
signals are between 0 and 3 ppm), and the appearance of a septet (1H, 5 2.6) and doublet (6H, 6 1.1) is 
consistent with the presence of an isopropyl group. The signal farthest downfield has a chemical shift 
value consistent with the presence of a CH fragment adjacent to a carbonyl group. Thus, this molecule 
likely has the -CO-CH(CHs)2 group. 
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13.29. (continued) 


The remaining three features comprise a triplet, sextet, and triplet 


with integrated intensity ratios of 2:2:3, which are consistent with the CH3 

presence of a propyl group (compare Figure 13.19). The triplet at 6 Hl etane 
2.45 (2H) is likely a methylene group adjacent to a carbonyl group; so Hic^ c^ desde d 
combining these two fragments with the assumption that the carbonyl I 


group is shared by each, we conclude from the proton NMR spectrum 
that this molecule is 2-methyl-3-hexanone. 

We can now confirm this conclusion by evaluating the ^C NMR spectrum. For 2-methyl-3- 
hexanone, we expect to see a resonance for the ketone carbon atom, one for each of the methylene groups, 
one for the methine group, one for the isopropyl methyl groups and one for the methyl group of the 
propyl fragment. The resonance for the methine and one of the methylene carbon atoms should be 
downfield from the others because they are adjacent to the electron-withdrawing carbonyl group. As 
expected, all six peaks are observed at the appropriate chemical shift values with the correct numbers of 
protons. 


BC NMR and DEPT spectra 
6 214.77 C-O no proton (ketone) 
6 4226 CH (adjacent to the C-O group) 
6 40.80 CH» (adjacent to the C=O group) 
& 18.23 CH3 
6 17.24 CH2 
6 13.81 CH3 


13.30. The integrated intensity values are 2:1:6. Because the sum of these numbers (9) is the same as the 
number of hydrogen atoms in the molecular formula, these numbers correspond to the absolute numbers 
of protons for each feature. This molecule has only aliphatic protons (all of the signals are between 0 and 
3 ppm), and the observation of two doublets in addition to a feature with nine peaks (expanded region) 
suggests that the isobutyl group is present (Exercise 13.9) 


Subtracting the elements of the isobutyl group from the total (CsHsN — CH3 
CıCH5) leaves the elements C and N, which likely constitute the nitrile Hl CN 
group. Combining these two fragments (the isobutyl and nitrile groups), ne” can 
we conclude from the evaluation of the proton NMR spectrum that this "i w 


molecule is 3-methylbutanenitrile. 

We can confirm our conclusion by evaluating the PC NMR spectrum. For 3-methylbutanenitrile, we 
expect to see a resonance for the nitrile carbon atom, one for the methylene group, one for the methine 
group, and one for the equivalent methyl groups. As expected, all four peaks are observed at the 
appropriate chemical shift values with the correct numbers of protons. 


BC NMR and DEPT spectra 


6 118.89 CN no proton 
6 26.09 CH2 
6 25.94 CH 
6 2177 CH3 


13.31. This proton NMR spectrum has absorption peaks only in the aromatic region, and the integrated 
intensity values are 1:1:1, the sum of which equals the number of protons in the given molecular formula. 
Therefore, the benzene ring is trisubstituted and has three protons. 
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13.31. (continued) 


There are only three ways in which to attach three protons to a benzene ring, and the dominant 
splitting pattern observed for each proton reflects the number of protons attached to its immediate 
neighboring atoms. Thus, a proton will appear as a singlet if both adjacent carbon atoms are substituted 
by a group other than H; as a doublet if only one of the adjacent carbon atoms has a proton; or as a triplet 
if both adjacent carbon atoms bear a proton. These possibilities are summarized as follows: 


1,2,3- 1,2,4- 1,3,5- 
d H d H SH Hs 
tH d H Hs 

H H 

d s 


The proton NMR spectrum for this unknown compound displays a singlet and two doublets in its 
aromatic region. Therefore, it has substituents (two chlorine atoms and a nitro group) in the 1, 2, and 4- 
positions. (The molecule producing this spectrum is 3,4-dichloronitrobenzene). 


13.32. Both spectra have absorptions in two regions: ô 7-8 and ô 1-3; therefore, the molecules have both 
aromatic and aliphatic protons. Reading left to right, the integrated intensity values for both are 2:2:2:3:3, 
the sum of which (12) equals the number of protons in the given molecular formula. 

Both aromatic regions display the two-doublet pattern (integrated intensity = 4, total) that is 
associated with a 1,4-disubstituted benzene ring (C6H4). The structural differences between the two 
isomers are therefore in the aliphatic portion. 

The features closest to 5 3 (2H, quartet) and at ô 1 (3H, triplet) indicate that each molecule contains an 
ethyl group (Figure 13.11). Furthermore, each spectrum displays a singlet (3H), which means that each 
molecule also has a methyl group. Subtracting these fragments from the molecular formula (CioHi2O — 
CéHs— CH;CHs- CHs) leaves C and O, the carbonyl group. 

There are only two ways to assemble these fragments into stable molecules, and these are shown 
below. Using the data in Table 13.1, we can predict where the resonances are likely to appear for the 
protons adjacent to the electron-withdrawing groups (carbonyl or aromatic ring); these values are listed 
in color, below. 


x 3 H H 


H H 
[e] [e] 
4 4 
CH3 e CH3CH2 A 
CH2CH3 CH; 
H H E adl 523 


H H Or i 


62.3 62.7 


Looking now at the actual spectra in the textbook, we see that the resonances between 6 2 and 3 are at 
2.4 and 2.9 ppm in spectrum (a.) and at 2.6 and 2.7 ppm in spectrum (b.). Therefore, spectrum (a.) 
corresponds to compound X, and spectrum (b.) corresponds to compound Y. 


13.33. This spectrum has absorption peaks in two regions: ô 7-8 and ô 2-4; therefore, the molecule has 
both aromatic and aliphatic protons. Reading left to right, the integrated intensity values are 5:2:2:2, the 
sum of which (11) equals the number of protons in the given molecular formula. 

The aromatic region has an integrated intensity value of 5, which means that the ring is 
monosubstituted (C6H5). 
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13.33. (continued) 


The aliphatic region has three features with equal integrated intensity values (each 2), which suggests 
the presence of three methylene groups. Because 
each methylene group displays spin coupling, they likely H H 
constitute the 1,3-propylene fragment: -CH2CH2CH-. 

Subtracting these fragments from the molecular H CH2CH2CH2Br 
formula (CsHuBr — CeHs - CH2CH2CH)2) leaves only the Br 
atom. Assembling all of the fragments leads us to 
condude that the molecule is 1-bromo-3-phenylpropane. 

We can confirm this conclusion by evaluating the ?C NMR spectrum. For 1-bromo-3-phenyl- 
propane, we expect to see four resonances for the benzene carbon atoms, one of which should have no 
attached proton and three of which will have 1 proton. There should also be three resonances, one for 


H H 


each of the methylene carbon atoms (2H attached to each carbon atom). As expected, all seven 
resonances are observed at appropriate chemical shift values with the correct numbers of protons. 


BC NMR and DEPT spectra 


6 140.45 Ar no proton 
ô 128.45 Ar 1H 

ô 128.41 Ar 1H 

ô 126.07 Ar 1H 

ó 3414 CH2 

5 33.96 CH2 

à 32.98 CH2 


13.34. This spectrum has absorption peaks in three regions: ô 9.5, 6 6-7 and ô 1-3. This molecule likely 
has an aldehyde group, an alkene portion, and an alkyl group. Reading left to right, the integrated 
intensity values are 1:1:1:2:3, the sum of which equals the number of protons in the given molecular 
formula. 

Working right to left, we can see that the protons in the aliphatic region (2H and 3H) could signify 
the presence of an ethyl group. The methylene portion is more complex than a simple quartet however. 
In fact, itis split into a double of quartets (an approximate quintet), which means it is being influenced by 
another proton in addition to the methyl group. Let us assume for now that this molecule contains the 
CH2CH3 group. 

The aldehyde proton signal appears as a doublet, which means that it is adjacent to a single proton. 
Subtracting CH2CH3 and CHO from CsHsO leaves C2H2, which represents the alkene portion of the 
molecule. 

There are three ways to construct a disubstituted alkene and these are illustrated below along with 
the expected spin-spin splitting patterns: 


d of 
d ofi —^ \ T EN EN 
H —H d CH4CH; C—H d d H C—hH s 
N "4 t \ 
© P= C=C c=¢ 
\ \ 

CH3CH> H dofd H H dofd d H CH;CH; 

\— dofq doft —/ q 
A B c 


The aldehyde proton resonance in this spectrum appears as a doublet, so we can eliminate structure C 
from consideration. 
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13.34. (continued) 


If we consider what the alkene proton region would look like for structures A and B, we can create 
the following splitting diagrams. The J values of 16 Hz for coupling between trans alkene protons and 8 
Hz for cis alkene protons are typical, as is the alkane/alkene J value of 7 Hz. The aldehyde/alkene J value 
of 7 Hz can be determined by measuring the splitting of the aldehyde proton signal at 5 9.5. With these 


data, we construct the following diagrams: 


fe) fe) 
i P CHCH, b. 
T S ) 7Hz med p= 7He 
CH3CH> Hp Ha Hp 
a 


16 Hz 8 Hz 
Ha Hp Ha Hp 
16 Hz ( 5 [ jJ 16 Hz 8Hz ^ [ ) 8 Hz 
7Hz | | ^on 7H 7Hz| | iN THz 
n n | ATE 
an A Hh HY m 
La dd ILH LEE Lg] má 
| | probable 


Sheba l alie — 


The four equally sized peaks at 6 -6.1 in the actual spectrum matches the predicted pattern for the 
trans isomer. The signal for H» in the cis isomer would probably look more like a triplet. Furthermore, 
the two highest peaks in the Ha signal will be 16 Hz apart in the trans isomer, but only 8 Hz apart in the 
cis isomer. This separation of -16 Hz is observed for the signal at ô ~6.9 in the actual spectrum. 

We can confirm the structure (except for its stereochemistry) by evaluating the $C NMR spectrum. 
For trans-2-pentenal, we expect to see a resonance for the aldehyde carbon atom (with 1H), two 
resonances for the alkene carbon atoms (each with 1 H), and one resonance each for the methylene and 
methyl carbon atoms. As expected, all five resonances are observed at appropriate chemical shift values 


with the correct numbers of protons. 


BC NMR and DEPT spectra 

6 194.04 C-O 1H (aldehyde) 
6 160.06 C-C 1H 

613207 C=C 1H 

6 25.87 CH2 

6 11.96 CH3 
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Solutions to Exercises for CHAPTER 1 4 


DETERMINING THE STRUCTURES 
OF ORGANIC MOLECULES 


14.1. Follow the procedures outlined in Examples 14.1 and 14.2. 


35.9 ge 1 mol C 5.83 gH | 1molH \ 
———— —) = 2.9889 mol C = 5.7837 mol H 
12.011 ge | 10089% , 
34.6 96 / 1molo | 23.7 gS 1mos | 
= 2.1625 mol O = 0.7390 mol S 
16.00 16.0096, 32.07 320796, 
2.9889MAC _ 44, _5.7837molH .,,. 21625mdO _ 445 0.7390 mo S _ , o0 
0.7390 0.7390 0.7390 0.7390 


C4 o4H7 83O2 9381.00 


The empirical formula is C4HsOsS. 


14.2. To calculate the number of x bonds and rings in a molecule— collectively called the "sites of 
unsaturation" — apply the formula given below: 


n = number of C atoms 

(2n *2)-m -p +q m = number of H atoms 
2 p = number of halogen atoms 

q 7 number of N atoms 


No. of sites of unsaturation = 


For the molecule under consideration, 


2(6)*2- 13-1 
No. of sites of unsaturation = —— — = 0 sites of unsaturation 


This molecule has no rings or x bonds. 


14.3. To calculate the number of sites of unsaturation, follow the procedure outlined in the solution to 
Exercise 14.2. From the actual structures of these molecules, count the number of x bonds and rings to 
see that the results are identical. You may have to expand the structure to make certain that all of the x 
bonds are obvious (do not overlook x bonds between C and heteroatoms: C=O, C=N, etc.) 
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143. (continued) 


a. This molecule has a ring and 4 x bonds (three in the benzene ring and the C-O bond of the carboxylic 
acid group). 


OH 
Br 4 n bonds + 1 ring = 5 sites of unsaturation 
(0) 


2(10)+2 -11-1 
C10H11BrO2 ast = 5 sites of unsaturation 


b. This molecule has no rings but 4 x bonds (two in the alkyne group, one in the alkene bond, and the 
C=O bond of the aldehyde group). 


4 n bonds = 4 sites of unsaturation 


2(7)+2-8 
C7H,O == = 4 sites of unsaturation 


c. This molecule has two rings and 2 1 bonds (the C=O bond of the ketone and the C=C of the alkene). 


M^ NO 2.x bonds +2 rings = 4 sites of unsaturation 
Z 
9 2(9)2— 12141 
CsH45CINO ————— = 4 sites of unsaturation 


2 


14.4. To assign the isotopic distributions of elements in a compound, first specify its composition. The 
formula for 2-butanone is C4HsO. Next consider what common isotopes exist for each element present. 
These are listed in Table 14.1 in the text. Finally, calculate the ratios of the isotopes that combine to give 
the observed m/z value. For 2-butanone, which has a mass of 72, the (M+2) peak corresponds to a value 
of m/z - 74. The possible combinations are as follows: 


(?c);(9c);(H)g 60 ('2C)4(1H)6(7H)21°O 
(?c)j«(?c) Hy H)'*o ('2C)4("H)7(7H)'70 
('2C)3(18C)(1H)g 170 (7c), H)g'*0 


14.5. To calculate exact mass values, apply the data in Table 14.2 to the given formulas and compare 
these calculated values with the observed value (122.078 in this exercise). 


CiHioOs — 4(12.0000) + 10(1.007825) + 4(15.9949) = 122.0579 
CsHioO 8(12.0000) + 10(1.007825) + 15.9949 = 122.0732 
C/HwN2 — 7(12.0000) + 10(1.007825) + 2(14.0031) = 122.0845 


The probable molecular formula is CsH100. 


14.6. Make use of the data given in Figure 14.3 to discern the presence of the heteroatoms Br, Cl, and S. 
The fact that the M and M + 2 peaks in this spectrum have approximately the same sizes indicates that the 
molecule producing this spectrum contains bromine. 
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14.7. The molecule being evaluated for this exercise is an alcohol. Referring to Table 14.3, you can see 
that alcohols tend to fragment by losing a molecule of water and by cleavage of the bonds to the carbon 
atom attached to the OH group. The three peaks listed in this exercise are associated with the molecular 
ion (the parent compound minus one electron), the fragment that has lost a molecule of water, and the 
fragment that bears a positive charge formed by breaking the C,—C, bond: 


OH 
CgH149 
m/z =102 
p r . CH. 
Cc CH E CH 
P do e. | — |^ :| * = 
| 3c H-CSoHt 
H OH C;H;O 
mz =45 
H H H 
+* + 
| [= [SP [ehe 
H OH 
CgHij H 
m/z -84 


14.8. Follow the procedure outlined in Example 14.6. The intense band at 1715 cm’ is the absorption 
associated with the C-O stretching vibration of the carbonyl group. By applying the criteria listed in 
Table 14.5, all but the ketone functional group can be ruled out. (The identification of a ketone usually 
results from eliminating all of the other possibilities.) 


Functional group Characteristic Conclusion 

Acid chloride vC=O -1800 cm? The observed vC=O ~1715 cm’ is too low in frequency. 
Aldehyde vC-H -2720 cm? No such band observed. 

Amide vC=O «1680 cm? The observed 1C-O ~1715 cm” is too high in frequency. 
Carboxylic acid vO-H -2500-3500 cm! ^ No such band observed. 

Ester vC-O -1200 cm? No such band observed. 

Ketone vC=0 -1715 cm? The observed vC-O is in the correct region. 


14.9. Follow the procedures outlined in Examples 14.7-14.10. 


(1) The MW of this unknown can be obtained from the mass spectrum (M - 152); furthermore we know 
that this molecule has a bromine atom because the M+2 peak has about the same intensity as that of 
the M peak. 


(2) Examine the IR spectrum. The strong absorption at 1725 cm", along with the strong and broad band 
between 2500 and 3500 cm! indicates that this molecule has a carboxylic acid group. 


(3) Examine the proton NMR spectrum. There are three features, one of which must correspond to the 
resonance for the carboxylic acid proton (COOH). The NMR data are summarized below. 
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14.9. (continued) 


Proton NMR data for Compound 5. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
12 1 COOH singlet 0 
3.6 2 CH; triplet 2 
»- ethylene group 
3.0 2 CH; triplet 2 


(4) Use the multiplicity and integrated intensity of each feature to establish the connectivity between 
pairs of hydrocarbon groups (see Figure 13.11). 


Compound 5 is 3-bromopropanoic acid. 
Br— CH5— CH5— COOH C4HsSBrO; FW = 1522 


14.10. Follow the procedures outlined in the solutions to Exercises 14.1 and 14.5. 


47179/ / 1 molC 8.63 gd ' imolH \ 
— —— | = 3.9272 mol C = 8.5615 mol H 
12.011 9c 1.008 1008 9 ; 


20.91 gó 1mo | mol O 23. 29gef/ 1moci | 1 mol CI 
= 1.3068 mol O = 0.6570 mol CI 
16.00 16.0096, 35.45 gei 


3.9272 mol 8.5615 mol H 1.3068 mol O 0.6570 mol CI 

SOS, dg SN, eun UNES La. co 4. B 
0.6570 0.6570 0.6570 0.6570 

CcHi3CIO? FW = 153.20 Exact mass = 152.060 


14.11. Follow the procedures outlined in the solutions to Exercises 14.1 and 14.5. 


61.39€/ 1molC 10.2 94 ' 1moiH \ 
— — — —| = 5.1037 mol C = 10.1190 mol H 
12.011 ge 1.008 1.008 9 , 


28.5 gN | 1 moIN Y 
= 2.0347 mol N 
14.007 gf 


5.1037 mol C 10.119 mol H 2.0347 mol N 
= 2.508 —————— 24.973 —————— = 1.00 


2.0347 2.0347 2.0347 


Co 54H4 97N4 00 = CsH 10N2 FW = 98.15 Exact mass - 98.084 
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14.12. Follow the procedure illustrated in the solution to Exercise 14.8. 


a. The strong band at 1750 cm! is the absorption associated with the C=O stretching vibration of the 
carbonyl group. Applying the criteria listed in Table 14.5, we conclude that the molecule producing 
this spectrum is a carboxylic acid ester. 


Functional group Characteristic Conclusion 

Acid chloride vC=O ~1800 cm? The observed vC=O ~1750 cm? is too low in frequency. 

Aldehyde vC-H ~2720 cm? No such band observed. 

Amide vC=O «1680 cm? The observed vC=O ~1750 cm” is too high in frequency. 

Carboxylic acid vO-H ~2500-3500 cm? ^ No such band observed. 

Ester vC-O ~1200 cm? A strong band is observed in this region. The vC-O 
value is also appropriate (see Figure 14.10). 

Ketone vC=O -1715 cm? The observed vC=O ~1750 cm’ is too high in frequency. 


b. The strong band at 1710 cm! is the absorption associated with the C=O stretching vibration of the 
carbonyl group. Applying the criteria listed in Table 14.5, we conclude that the molecule producing 
this spectrum is a carboxylic acid. 


Functional group Characteristic Conclusion 
Acid chloride vC=O ~1800 cm? The observed vC=O -1710 cm? is too low in frequency. 
Aldehyde vC-H -2720 cm? No such band observed (but it could be obscured by 
the absorption band between 2500 and 3500 cm"). 
Amide vC=O «1680 cm? The observed 1C-O ~1710 cm’ is too high in frequency. 
Carboxylic acid vO-H -2500-3500 cm A broad, strong band is observed in this region. The 
vC=0 value is also appropriate (see Figure 14.10). 
Ester vC-O -1200 cm? The bands in this region are not intense enough. 
Ketone vC=O -1715 cm? The observed vC=O ~1710 cm? is appropriate, but the 


broad absorption between 2500 and 3500 cm' is good 
evidence for the presence of a COOH group. 


14.13. When you perform a reaction in which you know what the product will be (or is expected to be), 
you want to focus on those spectroscopic features that are unique for the starting material and product. 
Although many subtle changes will undoubtedly occur in many parts of the spectrum, it helps to look for 
a limited number of specific changes. 


a. This transformation is an oxidation reaction that converts a secondary alcohol to a ketone. The 
functional group change in the IR spectrum should be quite clearly observed. In the 9C NMR 
spectrum, the resonance for the carbon atom of the principal functional group will also be quite 
different. In the 'H NMR spectrum, the alcohol will display no resonances between 2 and 3 ppm. 
On the other hand, the ketone will have two peaks in this same region for the neighboring aliphatic 
groups. The alcohol will have a signal at ô 3.9 for the CH-OH proton, which will be farther 
downfield than any signal in the spectrum of the product. 
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14.13. (continued) 


OH [e] 
rn rwn 
IR spectrum 1H NMR spectrum 13C NMR spectrum 
1H, exchanges with D20 
eu E ago - H OH 
ppt 6 - 39, quintet NF e Nu 
“Sous Sor, rSh J sd 
-— 860-75 
6 1.9, quartet 6 1.9, quintet 1H (DEPT) 
[e] [e] [0] 
L oH t 
Nch; "cH; 3 P j NV 
v - 1720 cm * S AH ERIT 
524, triplet 5 2 4, quartet 


b. In this substitution reaction, the functional group change (alcohol to nitrile) should be readily 
detected by IR spectroscopy. In the BC NMR spectrum, the resonance for the cyano carbon atom will 
be prominent because it is farther downfield than every other signal. In the !'H NMR spectrum, the 
methylene group adjacent to the functional group will be easily observed because it is downfield 
from the other signals. Its chemical shift changes substantially in going from reactant to product. 


oe pP ————— NN 


IR spectrum 1H NMR spectrum 13C NMR spectrum 
1H, exchanges with Ho 
i. H CH; 
a 
» ~ 34 (1 
distans C 5-3. triplet 5 10-50 
6 120 
OF — N 
POF SUA EEN Pd der aa Na ge en 
2 
v ~ 2200 cm paal Y 
8 -24, triplet 510-50 


14.14. The mass spectrum peaks mentioned in this problem indicate that chlorine is present in the 
structure of compound X. The mass value of 92 (#Cl) is consistent with the composition CiHsCI, which 
has no sites of unsaturation. The absence of absorption bands in the region around 1600 cm? confirms 
that no carbon-carbon double bonds are present in this unknown compound. The possible structures for 
CiHsCI are shown below. 


A07 aii ii TUM i 
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14.15. This molecule contains an oxygen atom and the IR spectrum displays a strong band around 3400 
cm? that can be assigned as an O-H stretching vibration. This molecule is a saturated alcohol (there are 
no sites of unsaturation). You are told that the OH group is attached to a secondary carbon atom, so the 
possible structures for compound Y are: 


14.16. Follow the procedure outlined in the solution to Exercise 14.5. 


CéHisO2 — 6(12.0000) + 14(1.007825) + 2(15.9949) = 118.2245 
CéHuS — 6(12.0000) + 14(1.007825) + 31.9721 = 118.0816 
CsHiNO». 5(12.0000) + 12(1.007825) + 14.0031 + 2(15.9949) 118.0868 


The probable molecular formula is CsHusS. 


14.17. Follow the procedure outlined in the solution to Exercise 14.5. 


C;HuS 7(12.0000) + 14(1.007825) + 31.9721 = 130.0816 
C;HuCl — 7(12.0000) + 11(1.007825) + 34.9689 = 130.0550 
C«HuNS 6(12.0000) + 12(1.007825) + 14.0031+31.9721 = 130.0691 


The probable molecular formula is C7HuCl. 


14.18. This molecule has three types of protons: aromatic (3H), aliphatic (6H), and hydroxyl (1H), which 
account for all of the protons in the molecular formula. The assignment of the resonance at ô 4.9 to an 
OH group is not an obvious one. Upon examination of the IR spectrum, however, we see a broad, 
medium-intensity band at about 3300 cm! that can be attributed to the OH stretching vibration. If this 
molecule is an alcohol or phenol, we would expect to see a resonance for that proton in the 'H NMR 
spectrum, hence the assignment of the ô 4.9 signal as the OH resonance. 

The benzene ring has a total of three protons, and we can deduce its substitution pattem by 
comparing the splitting patterns in the aromatic portion of the NMR spectrum with those illustrated in 
Figure 13.12. The triplet, doublet, doublet pattern means that the ring is substituted in the 1, 2, and 3 
positions, and the substituents comprise two methyl groups and an OH group, all of which display 
observable signals. These fragments (CeHs + CH3 + CH3 + OH = CsHi(O) account for all of the atoms. 

There are only two ways to attach the three groups: 


OH CH3 
Ha CH3 Ha OH 
3 signals in the 2 signals in the 
aromatic region aromatic region 
-Hp CH3 


He i Ha 


Hp 


The structure at the right (above) has a plane of symmetry, so it would only display two signals in the 
aromatic region of the 'H NMR spectrum (in a ratio of 2:1 Ha:Hb). Furthermore, the methyl groups are 
also equivalent when they flank the OH group, so the aliphatic region would have only one peak with an 
integrated intensity value of 6. The actual compound, 2,3-dimethylphenol (above, left), will have three 
aromatic proton resonances (ratio 1H, 1H, 1H) and two methyl signals (3H, 3H). 
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14.19. The strong band at 1800 cm” is clearly an absorption band associated with the C=O stretching 
vibration of a carbonyl group. Applying the criteria listed in Table 14.5, we conclude that this spectrum 
was obtained on a carboxylic acid chloride because the frequency of the absorption is so high. 

To confirm the presence of the acid chloride functional group using ?C NMR spectra, we would look 
for a signal between 165 and 185 ppm (Table 13.4), and the DEPT spectrum would reveal that no proton 
is attached to the carbon atom producing that signal. 


14.20. Follow the procedure outlined in Example 147. 


(1) From the given molecular formula, CsH10O, calculate the number of unsaturation sites: [2(5) + 2 — 
10]/2 = 1 site of unsaturation. This means that compound R contains a double bond or a ring. 

(2) Examine the IR spectrum. The medium intensity absorption at 3400 cm! can be attributed to the OH 
stretching vibration of an alcohol or phenol. 

(3) Examine the proton NMR spectrum. There are three general features: alkene protons, aliphatic 
protons, and the OH proton. These data are summarized in the following table. 


Proton NMR data for Compound R 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
4.88 1 =CH singlet 0 
4.78 1 =CH singlet 0 
3.70 2 CH2 triplet 2 
ethylene grou 
2.30 2 CH2 triplet 2 a d — 
2.12 1 OH singlet 0 
1.78 3 CH3 singlet 0 


(4) The resonance at 1.78 ppm suggests that the methyl group is attached to the double bond. There are 
three possible structures that we can draw, and two require that the signal at 1.78 ppm would be 
split into a doublet. Because the signal associated with the methyl group is a singlet, the alkene must 
be disubstituted at the same end rather than at each end of the x bond. 


singlet doublet doublet 
H CH H3C H H3C CH5CH5OH 
Nu es TX. af "E cuf * ^ 
C-—C C-—C C-—C 
/ N / X 
H CH CH,OH H CH;CH;OH H H 


The molecule that produces these spectra is 3-methyl-3-butene-1-ol (above, left). 


14.21. Follow the procedure outlined (in part) in Example 14.9. 


(1) Examine the ^C NMR to determine the number and types of carbon atoms present. There are three 
types: C-O, aromatic, and aliphatic. A benzene ring has 6 carbon atoms, plus there are 6 resonances 
in the rest of the spectrum. Start by assuming that the compound has 12 carbon atoms. 

(2) Examine the integrated intensity values in the proton NMR spectrum. The total is 16. Start with the 
assumption that the compound has 16 hydrogen atoms. 

(3) Use the MW = 192 to see if it can be fit with a formula of the type Ci2HicOx.. The answer is yes, when 
n -2. We will assume that the molecular formula is Ci»HieO (and revise it if necessary). 


CHAPTER 14 / DETERMINING THE STRUCTURES OF ORGANIC MOLECULES 233 


14.21. (continued) 


(4) Calculate the number of unsaturation sites: [2(12) + 2 — 16]/2 = 5 sites of unsaturation. The NMR data 


G) 
(6) 


reveal that this molecule has a benzene ring, which accounts for 4 sites of unsaturation (3 double 
bonds and a ring). Therefore, Compound S contains one double bond or one ring in addition to the 
benzene ring. The carbon NMR spectrum shows [step (1)] that this molecule has a carbonyl group, 
which is the "fifth" site of unsaturation. 

Examine the IR spectrum. The strong band at 1730 cm” is attributed to a C=O stretching vibration. 
The equally strong absorption at 1200 cm" suggests the presence of an ester functional group. 
Examine the proton NMR spectrum. There are seven features with a total integration of 16 protons. 
The proton NMR data are summarized in the following table. The aromatic region has an integrated 
intensity value of 5, so the benzene ring has only one substituent. The multiplicities and integrated 
intensity values for the aliphatic protons are consistent with the presence of an ethylene group and a 
propylgroup. The structural fragments to assemble are therefore as follows: 


—CH;—CH;—CH; ZOsn” CHa CHa 
M 
[e 


Proton NMR data for Compound S 


————————————————————————————————————————————————————-—---- 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
7.25 5 ArH multiplet n.a. 
4.3 2 CH2 triplet 2 
2.9 2 CH2 triplet 3 
2.3 2 CH; triplet 2 
1.6 2 CH2 sextet 5 
0.9 3 CH3 triplet 2 


There are two ways to put these fragments together: 


Oo 
rD å i ps 


To differentiate between these two molecules is not a simple task. We know that the central 
methylene group in the propyl portion of the molecule produces the resonance at ô 1.6 because it is 
split into a sextet pattern. 


—CH;CHSCH; 8166 


For structure II, however, we would expect to see the signal for that methylene group at ô 1.9, based 
on the data for that substructure given in Table 13.1. 


fe) 6 1.9 (see Table 13.1 
li | C tm 
nd Na i = B ia 


Therefore, the propyl group is more likely attached to the carbonyl group rather than the oxygen 
atom, and we choose structure I as the answer (which incidentally is correct). 
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14.22. The molecule being evaluated in this exercise is a carboxylic acid. Referring to Table 14.3, you can 
see that carboxylic acids tend to undergo fragmentation by cleavage of the bond that is one carbon atom 
removed from the carbonyl oxygen atom as well as by the McLafferty rearrangement. The four peaks 
listed in this exercise are associated with the molecular ion (the parent compound minus one electron), 
the fragment that bears a positive charge formed by breaking each of the two bonds between C, and the f 
atoms, and the fragment that bears a positive charge formed by the McLafferty rearrangement. 


OH -e OH ]* 
p^ —À | o^ | 
Il ll 
fe] [e] 
CcH4205 
m/z =116 
icd: un cule t 
OH ]* 
| 20 | e] fre 
T So 
o CcH440 
m/z =99 
af fon | ** . 
ll 
[9] m/z 245 
CH; CH; 
HS | tt | P 
| aN „OH | pu " | ox OH | 
ll H 
TET Ls 
H C3Hc05 
m/z 74 


14.23. Follow the procedure outlined in Example 14.9. 


(1) 


(2) 
(3) 


(4) 


(5) 


(6) 


Examine the ^C NMR to determine the number and types of carbon atoms present. There are three 
types (C-O, alkene, and aliphatic) consisting of six peaks. Start with the assumption that the 
compound has 6 carbon atoms. 

Examine the integrated intensity values in the proton NMR spectrum. The total is 10 (1:1:2:3:3, left to 
right). Start with the assumption that the compound has 10 hydrogen atoms. 

Use the high-resolution data to determine the molecular formula with the initial assumption that 
there are 6 C atoms, 10 H atoms and some number of oxygen atoms. For CeH1oO, the calculated high 
resolution MW is 98.073 (observed MW - 98.071). This formula is consistent with the data. 

Calculate the number of unsaturation sites: [2(6) + 2 — 10]/2 = 2 sites of unsaturation. Thus, 
compound T contains two double bonds, a double bond and a ring, two rings, or a triple bond. The 
BC NMR spectrum shows [step (1)] that this molecule has a carbonyl group and an alkene double 
bond, which account for the two unsaturation sites. 

Examine the IR spectrum. The strong absorption at 1700 cm? is attributed to a C=O stretching 
vibration (ketone or aldehyde) that is conjugated with the double bond. The carbonyl resonance in 
the PC NMR spectrum indicates that this carbonyl group is a ketone (no attached H). 

Examine the proton NMR spectrum. There are seven features with a total integration of 10 protons. 
The proton NMR data are summarized in the following table. 
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14.23. (continued) 


Proton NMR data for Compound T 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
6.85 1 =CH dofq 1 and 3 
6.12 1 =CH doublet 1 
2.56 2 CH2 quartet 3 
1.90 3 CH; doublet 1 b. eiu group 
1.10 3 CH3 triplet 2 


The multiplicities and integrated intensity values for the aliphatic protons are consistent with the 
presence of an ethyl group. The chemical shift value associated with the other methyl group 
indicates that it is attached to the double bond. 


There are two ways to put these groups together: 


H, ë © CH, O 
[d p 
E YS 
HC di " CH5CH5 Hé lid ^cucu, !! 
Hp Hp 


The alkene splitting pattern is relatively simple to interpret because Hb is coupled only to Ha (Ha is 
coupled both to Hb and to the methyl group). We can readily see that the J value for the alkene 
coupling interaction is 15 Hz, which means that the double bond has the trans geometry (I). 


Compound T is trans-4-hexene-3-one (structure I, above). 
14.24. Follow the procedures outlined in Examples 14.8 and 14.10. 


(1) Use the analytical data to determine the empirical formula (section 14.1b): CsH»Br. 

(2) Calculate the number of unsaturation sites: [2(8) * 2-9 — 1]/2 = 4 sites of unsaturation. 

(3) Examine the ?C NMR to determine the types of carbon atoms present. There are six carbon 
resonances in the aromatic region, which accounts for the 4 sites of unsaturation, and there are two 
aliphatic carbon resonances. The 8 peaks account for all of the carbon atoms. 

(4) Examine the proton NMR spectrum. The benzene ring is trisubstituted and there are two methyl 
groups, which must be attached to the ring because they show no spin-spin splitting. The proton 
NMR data are summarized below. 


Proton NMR data for Compound U 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
7.36 1 ArH doublet 1 
7.03 1 ArH doublet 1 
6.90 1 ArH triplet 2 
2.37 3 CH3 singlet 0 
2.30 3 CH3 singlet 0 
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14.24. (continued) 


(5) The pattern of peaks in the aromatic region indicates that the ring is substituted in three adjacent 
positions. In fact, the pattern (two doublets and a triplet) is one you have seen before— in Exercise 
14.18. This molecule is 3-bromo-1,2-dimethylbenzene. 


nu 
wig 
H CH3 
H Br 
H 


14.25. Follow the procedure outlined in the solution to Exercise 14.9. 


(1) The MW of this unknown can be obtained from the mass spectrum (M = 150); furthermore we know 
that this molecule has a bromine atom because the M+2 peak has about the same intensity as that of 
the M peak. 

(2) Subtracting the mass of ?Br from 150, we obtain m/z 71, which corresponds to the mass of CsHu. 
The sum of the integrated intensity values in the proton NMR spectrum (2 + 3 + 6 = 11) confirms the 
number of hydrogen atoms, which in turn is consistent with the number of carbon atoms. 


(3) Examine the proton NMR spectrum. There are three features, as summarized below. Two of these 
constitute an ethyl group. The signal with an integrated intensity of 6 is likely two methyl groups, 
and they must be attached to a carbon atom that has no protons. 


Proton NMR data for Compound V 


Chemical Integrated Assignment Multiplicity No. adjacent 

shift (ppm) intensity protons (n) 
1.80 2 CH2 quartet 3 
1.65 6 CH3 singlet 0 > ethyl group 
1.10 3 CH3 triplet 2 


(4) Assembling the pieces [-Br, -CH2CH3, and -C(CH3)] generates the structure of Compound V, which 
is 2-bromo-2-methylbutane. 


HC Br 
V FW = 150.23 
Hs LC 
CH, ~CHs 


Solutions to Exercises for CHAPTER 1 5 


ORGANOMETALLIC REAGENTS 
AND CHEMICAL SYNTHESIS 


15.1. A reaction between the cyanide ion and a compound with a good leaving group yields the 
corresponding organonitrile as a substitution product. This transformation normally follows the S52 
pathway, leading to inversion of configuration if the leaving group is attached to a stereogenic carbon 
atom. An alcohol OH group can be replaced with the cyanide ion by first preparing its alkyl sulfonate 
ester derivative (mesylate or tosylate). 


a. The first step in this transformation involves free radical bromination of the methyl group, which 
has benzylic hydrogen atoms. The bromide ion is then replaced with the cyanide ion. 


CH CH2Br CH2- CN 
A 3 NBS 2 NaCN Kx 2 
——————— ———— 
CI AIBN, A CI DMF CI 


b. The first step in this transformation involves preparation of the mesyl (or methanesulfonate) 
derivative of the alcohol. 


pM X N— x P NON EN 
CHCl, DMF 


15.2. A Grignard reagent has the same general structure as the corresponding organohalide from which 
it is made, except that MgX replaces X. 


a. Br b. c. 
i al did cd 
H3C LY CI Br 
Grignard reagent MgBr 
adi» elis. dial d 


MgCI MgBr 


Organohalide 


153. A Grignard reagent reacts with an aldehyde to form a secondary alcohol after workup. A new 
chiral center is formed in this reaction, so the product is a mixture of enantiomers. 


[9] H OH 
q Y 
O `H 1. CH3(CH2)8C H2MgBr Í NY *`CH2(CH2)8CH3 — 
2. H30* A 
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154. A Grignard reagent reacts with an epoxide at the less highly substituted carbon atom of the 
three-membered ring, and an alcohol is formed after workup. In this transformation, a 2° alcohol is the 
product. A chiral carbon atom in the epoxide retains its configuration if the Grignard reagent reacts at 
the otlier carbon atom of the epoxide ring. If the Grignard reagent reacts with an epoxide molecule at a 
chiral carbon atom, the configuration of that stereogenic center is inverted. 


H o- 


Br "ad he Ai ae ONE. v 
ox : 
CH2CH3 


retention 
© Sion 2 
retention 
m 3 CH vA H3 


15.5. Groups that interfere with Grignard reagent formation include those with acidic protons and 
those with a double or triple bond between carbon and a heteroatom (carbonyl and nitrile groups). 
Carbon-carbon double and triple bonds (except for the terminal alkyne group, which has an acidic 
proton) do not interfere. 


Oo j \ HS 
| / \ 
€ Br NS IA A 
Br 
reactive multiple bond forms a Grignard acidic proton 


reagent readily 


15.6. Groups that interfere with Grignard formation include those with acidic protons and those with 
a double or triple bond between carbon and a heteroatom (carbonyl and nitrile groups). Carbon-carbon 
double and triple bonds (except for the terminal alkyne group, which has an acidic proton) do not 
interfere. 


NH2 e 
“= - ("ona rd SOR b dia 
E (7 Br o 
Br | acidic proton reactive multiple bond 
acidic proton as Mgl m" 


15.7. A terminal alkyne reacts with a strong base such as the amide ion (step 1) to form an alkynyl 
carbanion, which canbe alkylated with a primary alkyl halide (step 2). 


1. 2. 
CH3CH2 —C-C—H — MÀ CH3CH2—C- C: Nat ——P  CHa3CH?2— C=C —CH2CH3 
Steps 3 and 4 lead to the addition of H and OH groupsto the triple bond (see Section 9.4c). 
CH3CH2 p H2C H3 " CH3CH2 Pas 


CH3CH2—C-—C—CH2CH4 ——— Zh. —— me 
H B(CgH40>) H OH 
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15.7. (continued) 


The resulting vinyl alcohol undergoes tautomerism to form the corresponding ketone. 


CH3CH?  CH2CH3 o 
c=c — pm 
ON 

H OH 


15.8. A terminal alkyne reacts with a Grignard reagent to form an alkynyl Grignard reagent. Ethylene 
oxide undergoes ring-opening upon reaction with the alkynyl Grignard reagent, and the product of the 
overall transformation is a 1° alcohol (after hydrolysis) with two carbon atoms more than the starting 
alkyne. 


CH3Mgl 
CeHg— C-C—H — —— — — —  CgHs—C-—C-—Mgl + CH4 


ethylene oxide " " 
CgHs— C—C —Mgl —— — — —-  €gHg—C-— C— CH2CH20 Mgl 


H340* 
CgeHg—C — C— CH9CH;0^ Mgt ———>———» — C, Hg — C C—CHjCH;0H 


159. Organocuprates—both Gilman as well as higher-order reagents—react to replace the halogen 
atom of organobromides and iodides with the organic group bonded to copper (shown in color in the 
equation directly below). 


Dr LiCu(CH2CH2C H2 CH3)2 ree 
eee 


15.10. Higher-order organocuprates react to replace the halogen atom of organobromides and iodides 
with the organic group bonded to copper (shown in color in the equations below). A higher-order 
cuprate reacts with an epoxide by opening of the three-membered ring, and the transferred group 
attaches to the less highly-substituted carbon atom of the original epoxide ring. 


HO 
a. P 
CH3CH2.. LO 1. LiCuCN(CH=CH >)» - SC—CH; 
CH3CH27 ^ i pepe 
ue CH2 2 H4o* CH4CH; C cH? 
H 
b. N N 
22 1. LiCUCN(CH 3C HC H2CH3) [7^ 
2. H30* 
Br .7CH3CH35CH3;CH5 


15.11. Structures A through C are deduced by applying the descriptions and examples in the 
accompanying discussion of the text. After two equivalents of triphenylphosphine dissociate to 
generate Pd[Ph;P],, oxidative addition of iodobenzene takes place to form A. The butyl group (R' in the 
following scheme) is transferred from B-buty1-9-BBN, producing B. After dissociation of the iodide ion, 
reductive elimination occurs to form the product, and bis(triphenylphosphine)-palladium(0) is 
regenerated. 
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a on 
er m "n 
OH^ 
\ Ph3P 


di ia 
oxidative » 
addition 


Ph3P PPh 
Pa. 3 === PhP—Pd—PPh, PP pu 
PhP PPh; 


Php" 
reductive 
elimination 
CH35CH5C H5C H5 ... PhsP : «M 


CY PhP” 


R' c 


15.11. (continued) 


15.12. Catecholborane is prepared from the reaction between borane and catechol, which liberates two 
molecules of hydrogen. To deduce which starting material is used to make the desired organoborane, 
remove the boron-containing group and a hydrogen atom from C2, replacing those two groups with a x 


bond. 
The starting materials used to make the required organoboranes are the alkynes shown below at the 


right. 
HO ys 
BH3 + X3 a H—B. O * 2H; 
HO [e] 
[o] 
| 13 95 
SS — ite” o 
E H 
H 
p 
H O H—B 
b E» ^o 
e "o ati | 
H 
H 


15.13. The equation showing the synthesis of 3-heptanol from bromoethane and pentanal is as follows: 


Oo 


Mg, ether Sua 
—— 


"^7 MgBr —— 
1 2 


^^ Br 


H O —MgBr 
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15.14. Alcohols are readily prepared by addition reactions between Grignard reagents and suitable 
carbonyl compounds or epoxides. For the retrosynthesis, break the molecule into fragments of 
approximately equal size, each having five or fewer carbon atoms. Bromobenzene is also an allowed 
starting material. The starting compounds are shown in color. (There may be other ways to synthesize 
the molecules shown in this exercise; only one method is presented for each.) 


a. 


The product is a 2° alcohol, so the reaction between an aldehyde and a Grignard reagent is needed. 
The fragment with the oxygen atom is the one derived from the aldehyde reactant. 


Retrosynthesis 
OH o 
Y Br 
O = (7 t. 
Synthesis o 
OH 
Br Mggr oH 
Mg, THF 
— — > 
2. H30* 


The product is a 1° bromide, which is easily prepared from a 1° alcohol. The reaction between a 
Grignard reagent and either formaldehyde or ethylene oxide will form the desired alcohol 
molecule. Because the product has seven carbon atoms, we can break the molecule into a five-carbon 
and a two-carbon fragment in the retrosynthesis, and then make use of the Grignard reaction with 
an epoxide. 


Retrosynthesis 
"P => Pd = aftu 
Synthesis 
1. Mg, ether PBR 
Br 


2. ethylene oxide 
3. H30* 


15.15. Because you were given the retrosynthesis steps, you only have to suggest which reagents are 
needed to carry out each transformation in the normal or “synthesis” order. 


a. 


Cyclohexene is converted to cyclohexanol by addition of H and OH to the double bond (this 
transformation can also be accomplished with H;O*). Oxidation of the secondary alcohol produces 
cyclohexanone. 


O- i 4, BHa THE THF OH — HaCr04 ad 
————- 
mibi H202, OHT 


Cyclohexanone reacts with the Grignard reagent derived from bromobenzene. The resulting alcohol 
is dehydrated using strong acid to yield the alkene product. 


OH 


fe) / CeHs 
1. CgHsMgBr - H4PO 
CY! Lee. (Qype 59. (Cy 
2. H30* 
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15.15. (continued) 


b. Cyclohexene is converted to an organoborane derivative using 9-BBN-H. The Suzuki reaction is 
then used to attach the benzene ring. Free radical bromination is used to create the tertiary 
organobromide, and strong base promotes dehydrohalogenation to form the alkene product. 


BCaH 
) 958-4 THE $716 — (Ph3P)4Pd tete 
—— 
NaOH, CcHsBr 


Br 


CeHs / C eH5 
CY NBS, AIBN, A (Jm KOH 
—MMMÀÓ——Ó € Qe — 
EtOH 


15.16. The bond disconnection next to an alcohol functional group is a reasonable retrosynthetic choice 
that reveals structures of the alkyl halide and aldehyde reactants needed to make the 2° alcohol 
product. 


Retrosynthesis 
[9] 


OH 
HOA AIA D yt ee A ee 


The bromoalkane that is needed has a functional group (alcohol) that is incompatible with the 
formation of a Grignard reagent, so a protecting group will be required before the Grignard reagent is 
made. After adding the Grignard reagent to the aldehyde, the protecting group is removed using 
fluoride ion to yield the diol product. The principal starting materials are shown in color. 


Synthesis 
1. (CH3)3SiCl, NEt3, CH2CH2 


HOLA Mh» MesSi0. AA Mor 
2. Mg, ether 


9 


OH 
MesSi A 
e3SiO IN Om Mor MesSiO 


2. H30* 


OH 
E a a ae e EE. D WW SN C 


CH4CN 


15.17. To draw the structure of the Grignard reagent derived from a specific organohalide, simply 
insert "Mg" into the carbon-halogen bond (see the procedure outlined in the solution to Exercise 15.2). 
For parts d and e, draw each structure in its dimensional form to incorporate the given stereochemistry. 


a. b. xw. Mg-I c. T 
d alie lad p BrMg " pones B 
Lo MgBr 
d. CH3CH2 O M2CH2MgCI €. ph 
— \ 
C=C —c=c— 
/ x P d C=C—Mg-I 


H H H3C 
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15.18. Groups that interfere with Grignard formation include those with acidic protons and those with 
carbonyl, nitrile, or nitro groups. Alkyl fluorides do not normally react with magnesium metal to form 
Grignard reagents. The organohalide in (b.) will form a Grignard reagent. 


a. b. e: ES 
OH CH3O 20 J l 4. f 
Br g TE m——H 
| LS N 
acidic proton unreactive halogen acidic proton 
CH30 MgBr 


15.19. A Grignard reagent reacts with formaldehyde to generate a primary alcohol after hydrolysis. 
To decide which alkyl halide is needed, remove the CH,OH group: the remaining organic fragment, 
bonded to Cl, Br, or I, is an appropriate starting material. 


‘ous C 1. Mg, THF CHOH 
———— 

| 2. CH20 or 

A 3. H30* 


1. Mg, THF OH 


EF B "lans Ge 


3. H40* 


j pu ——— pure 
——— 
Aion Br 2. CH20 OH 


3. H30* 


15.20. A Grignard reagent reacts with an aldehyde other than formaldehyde to yield a secondary 
alcohol after hydrolysis. To decide which alkyl halide is needed, break the molecule at one of the 
carbon-carbon bonds adjacent to the OH group. The portion containing the OH group corresponds to the 
aldehyde needed. The other organic fragment, bonded to Cl, Br, or I, is the starting material from 
which the Grignard reagent is made. There are often two ways to disconnect the carbon skeleton; only 
one possible answer is given here. 


a. 
$e ) er ^ Mg, THF 
OH / oe 2. CH4CHO OH 


3. H30* 
b OH OH 
a 
Am C, aldehyde aoe A 


2m 1. Mg, THF 


Oe emm Oa Ime DM 


3. H30* 
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1521. A Grignard reagent reacts with a ketone to produce a tertiary alcohol after hydrolysis with 
aqueous ammonium chloride solution. To decide which alkyl halide is required, break the molecule at 
a carbon-carbon bond adjacent to the OH group. The portion having the OH group corresponds to the 
required ketone. The other organic fragment, bonded to CI, Br, or I, is the starting material from which 
the Grignard reagent is made. There are often three ways to disconnect the carbon skeleton; only one 
possible answer is given here. Rarely will a bond within a ring be broken in the retrosynthesis. 


a. OH OH 
C" m CH3CH3B s PE UR un 
r —— —— 
Wy 3CH2 5 6 


t i 
C4 ketone AM 


3. NH4CI (aq) 
b. OH OH 
| wy Cs ketone Br 1. Mg, THF 
A 2. * ( 
3. NH,CI (a 
C410 ketone 4C! (aq) 
4 —À E 
c -— —2 1. Mg, THF ~T Ed. 
"T" $ | d CH3Br 7 H3C e ud i 
3 , pw 
dn o4 7 OH 
3. NH4CI (aq) 


1522. Phenylmagnesium bromide reacts as any Grignard reagent does: It adds to the carbon-oxygen 
double bond of aldehydes and ketones and it opens epoxide rings. It reacts by acid-base reactions with 
substances that have protons with pK, values < 40. The products of an acid-base reaction in this case 
are benzene and the conjugate base of the acidic reactant. If there are no reactive groups, then no 
reaction occurs. 


a. This is an acid-base reaction; the acidic proton in the reactant is shown in color (alcohol pK, - 15). 
The proton that is removed results in the formation of benzene from the Grignard reagent. 


JE 
a SEU 
ether 
OH O` MgBr* 


b. This is an acid-base reaction; the acidic proton in the reactant is shown in color (pK, alkyne - 25). 
The proton that is removed results in the formation of benzene from the Grignard reagent. 


CH30 CH30 


Qo 
CSCH ——————— C=C~ MgBr* + 4 )" 
ether Lal 


c. This is an addition reaction. The phenyl group of the Grignard reagent adds to the carbonyl group 
of the aldehyde. 


CH3 P. CH3 
J Mir : o-Mgar* 
GHO —— N C—-H 
ether a Cels 
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1522. (continued) 


d. This is an acid-base reaction; the acidic proton in the reactant is shown in color (pK, amine - 40). 
The proton that is removed results in the formation of benzene from the Grignard reagent. 


Ma NN. ——————— bw NS + H 
\ / ether \ j N / 


— —Q 


e. This is an acid-base reaction; the acidic proton in the reactant is shown in color (pK, thiol - 10). 
The proton that is removed results in the formation of benzene from the Grignard reagent. 


pur PALA pu * C2 


ether 


1523. 1-Bromo-cis-2-butene is an allylic halide and it forms a Grignard reagent. Like many allylic 
species, it can react at two different carbon atoms because the a bond can move with formation of a new 
bond. In the first step, the ketone carbonyl oxygen atom complexes with the magnesium ion: 


a Br H 
E v4 e.t 
H3C CH>—MgBr C " M 
VR y H4C^ "CH, o ‘cH, WU 
ad l | 
H H (1) Hc "cu, CH3 


In step 2 (or 2^) the electrons react with the carbonyl carbon atom to form the new bond. In the second 
pathway shown below (step 2^), the x electrons of the carbon-carbon bond are also involved in the 
addition reaction. Hydrolysis (steps 3 and 3’) yields the alcohol products. 


Br H , aR H H 
Mg C ccn Ca LH HC Y 
c^ cuz yer C—C? 07 H30% H ba Xu 
HC —C g | ENS her] Cy (5 — ud! f ° 
3 a CH3 ©) H4C 3 (3) HO A 
H3C 
Br 
| 
_-Mg O7 MgBr* CH2 H3C CH; 
oA CH \ I " N 4 
II^ 220 C H30 H—C—C 
d ». ———» H4677 S77 Sg \ 
3 Cw S: -H © / C (3) H3;C—C H 
| Hc-c LIFT E /\ 
HC \ H3C H H3C OH 
H B 


15.24. Protection of an alcohol OH group with the trimethylsilyl group involves stirring the alcohol 
with chlorotrimethylsilane and a non-nucleophilic base, usually triethylamine. Deprotection of the 
trimethylsilyl ether involves stirring this silyl compound with fluoride ion. 


OH OSiMe3 OH 
wey MesSiCI wey F^, H20 aaa 
---s— —— 

M NEts \F CH3CN FZ 


protection deprotection 
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1524. (continued) 


Protection of an alcohol OH group as its benzyl ether requires formation of the alcohol's conjugate base, 
followed by alkylation with benzyl bromide. Deprotecting the benzyl ether is done using 


hydrogenolysis. 
protection e^ (5 OH CH3 
ME s DMF ^ H5, Pd/C z 

r uu. + 
^D nae 2. PhCH3Br deprotection 


CH3 CH3 


15.25. An alcohol molecule is prepared using the reaction between a Grignard reagent and a suitable 
carbonyl compound or epoxide. When the starting material is specified, then the retrosynthetic 
analysis should be done to generate compounds that are structurally similar to the indicated starting 
material. The starting compounds are shown in color. 


a. 2-Cyclohexylethanol from bromocyclohexane. The product is a 1° alcohol that has two carbon 
atoms more than the given starting material. The reaction between ethylene oxide and a Grignard 
reagent permits such a transformation to be carried out. 


Retrosynthesis Synthesis 
OH Br ,Br 1. Li I ether OH 
ANS = £ [0] iO 
LN 2 dM ethylene oxide 
3. H30* 


b. 1-Hexanol from 1-pentene. The product, a 1° alcohol, has one carbon atom more than the starting 
material, so the reaction between a Grignard reaction and formaldehyde is appropriate. The 
bromide required is made from the specified starting material, 1-pentene by anti-Markovnikov 
(radical) addition of HBr. 


Retrosynthesis 


PGS D eet sop SB Sus 


Synthesis 
HBr, ROOR Br 1. Mg, ether 
oN ed POG GF —— MUS Bg 
2. CH20 OH 
3. H30* 


c. 1-Cyclohexylethanol from cyclohexanol. The product is a 2° alcohol with the same ring skeleton 
that appears in the starting material. An aldehyde corresponding to the acyclic portion of the 
product is required to react with a Grignard reagent derived from bromocyclohexane, which is 
prepared from cyclohexanol by means of a substitution reaction. 


Retrosynthesis 


pe > Q” m > Q” 


Synthesis OH 


OH PBr3 Br 4 Mg, ether 
— 
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1525. (continued) 


d. 3-Heptanol from 1-iodobutane. The product is a 2° alcohol that has three carbon atoms more than 


the given starting material. The reaction between propanal and the Grignard reagent generated 
from 1-iodobutane will produce the desired heptanol isomer. 


Retrosynthesis 
OH 


P > “| + CH3CH2CHO 


Synthesis OH 


1. Mg, ether 
u a arl e 


2. CH3CH2CHO 
3. H30* 


15.26. To predict the products of reactions that involve organometallic compounds, you first must know 
what general constraints exist. For instance, most organometallic compounds react with acidic groups to 
remove the proton in an acid-base reaction. For the reactions described in this chapter, the following 
summary can be made: 


* Grignard reagents and organolithium compounds are prepared from organohalides and Mg 
andLi, respectively. 

*  Alkynyl Grignard reagents are prepared from alkynes plus another Grignard reagent by an 
acid-base reaction. 

* Alkynyl metal compounds are prepared from the reaction of alkynes with a strong base 
(LDA in THF) and these organometallic compounds will react with primary alkylhalides 
to form new carbon-carbon bonds. 

* Grignard reagents (and organolithium compounds) add to the carbonyl group of aldehydes 
and ketones to form alcohols after workup with aqueous acid. 

* Grignard reagents (and organolithium compounds) add to the carbonyl group of carbon 
dioxide to form carboxylic acids after workup with aqueous mineral acid. 

* Grignard reagents, organolithium compounds, and organocuprates open epoxide rings at the 
less highly substituted carbon atom to form alcohols after workup with aqueous acid. 

* Organocuprates are prepared from organolithium compounds by treatment with a copper(I) 
halide or copper(I) cyanide salt. 

e Organocuprates react with primary and secondary alkyl halides to form new carbon-carbon 
bonds. 

* Organoboranes react with aryl halides in the presence of Pd(0) catalysts to form alkyl and 
alkenylbenzene derivatives. 


As for stereochemistry, the creation of new chiral centers means that the product(s) are either racemic 
or meso. When a chiral epoxide ring is opened, the configuration of the carbon atom at which the 
reaction takes place is inverted; the configurationof the other carbon atom is retained. 


a. 


The first step generates the Grignard reagent. Reaction with ethylene oxide generates a primary 
alcohol with two additional carbon atoms. This product is achiral. 


1. Mg, THF 


Br OH 
EN M LLL 
alias d qe bad: dics achrial 
3. HgO* 
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1526. (continued) 


b. 


The first step generates the lithium derivative of the alkyne. Alkylation ocaurs in step 2. The 
third step is partial reduction of the triple bond to form the corresponding cis alkene. 


A 1. LDA, THF fu CH: 
Ne "Ncc x f c i achrial 


2. CH3CH3Br 
3. H2, Lindlar catalyst P" 


The first step generates the Grignard reagent. Reaction with the epoxide molecule generates a 
chiral secondary alcohol. Reaction of the Grignard reagent occurs at the primary carbon atom of 
the epoxide. The chiral center therefore retains its stereochemical configuration. 


H 
Br 1. Mg, THF 2 CH 
———— 
2. 0 OH 


3. H,0* 


The organocuprate reacts with the primary alkyl iodide (the carbon skeleton is shown in color) to 
couple the two hydrocarbon fragments together. 


Ww 
Lif(CH 3)5Cu] —M——t- € a Vc achrial 


An organolithium compound adds to the carbonyl group of a ketone to form a tertiary alcohol after 
workup with aqueous acid. Anew chiral carbon atom is generated, so a racemic mixture is obtained. 


OH 
1. BuLi |. —CH2CH2CH3;C H3 


——————— 
[S 2. H30* L1 ~ 


Wilkinson's catalyst is used to hydrogenate alkene double bonds. This product is achiral. 


~ racemic 


REP DN H5 


aa ethanol achrial 


The first step generates an organoborane derivative of the alkene. The second step is the Suzuki 
reaction, which couples the two hydrocarbonunits together. This product is achiral. 


S$O98BNH O BBN-H j 
wee 2. PhBr, 72. PhBr PAPhPh = ec 
NaOH 


The first step generates the Grignard reagent. Reaction with carbon dioxide generates a carboxylic 
acid after workup with aqueous acid. This product is achiral. 


1. Mg, THF Wia 
— 
achrial 
cl i3 2. C0» HOOC x 


3. H30* 
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1526. (continued) 


i. The first step generates the organolithium compound. Reaction with copper(I) cyanide generates a 
higher order organocuprate reagent. This product is achiral. 


1. Li, hexane 
CH3CH32CH5 - Br ——— (CH3CH3CH 5)2Cu(C N)Li achrial 
2. CuCN 


j The first step generates the Grignard reagent. Reaction with the aldehyde generates a secondary 
alcohol after workup with aqueous acid. A new chiral carbon atom is generated, so a racemic 
mixture is obtained. The fourth step produces the trimethylsilyl derivative of the alcohol. This 
reaction does not affect the stereochemistry of the chiral carbon atom, so the final product is also 
racemic. 


1. Mg, THF H. OSi(CH3)3 


. Cl 2. PhCHO ere ae 
4 r 4 © racemic 
— 3. H30* — 


4. (CH3),SiCl, NEt;, CH5Cl; 


1527. With constraints on the number of carbon atoms that each starting material can have, the 
retrosynthesis should break the molecule into pieces that have appropriate sizes within the given 
parameters. Using organocuprate reagents to couple two groups is often straightforward if one portion is 
derived from an organolithium compound and the other reactant is a 1° alkyl bromide or iodide. The 
starting compounds are shown in color. 


a. The retrosynthetic disconnection creates two fragments, one with five carbon atoms (do not ignore 
the methyl group when counting carbon atoms) and one with six. The portion without the methoxy 
group is chosen as the one from which the organocuprate is derived because the organometallic 
reactant will then have the metal ion associated with a 2* carbon atom and the other portion can be 
1° iodoalkane. 


Retrosynthesis 


—— => aco Sl i: — » 
Synthesis 
| 1. Li metal, hexane "wu 
Br^ € V — 2. CuCN, THF H3CO 
3.H;co7 ~~"! 


b. The retrosynthetic disconnection creates two fragments, each with six carbon atoms. Making the 
organocuprate from the benzene ring allows the other fragment to be a primary iodoalkane. 


Retrosynthesis 


a d - (e " osi di 
2 
Synthesis italia d 
Br 1. Li metal, hexane S 
fe (e — l3} 
2. Cul, THF 2 
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1527. (continued) 


c. The retrosynthetic disconnection creates two fragments, each with five carbon atoms. Making the 
organocuprate from the cyclic portion allows the other fragment to be a primary iodoalkane. 


CF p^ > (he - 
O^ iem e. 7 gn? 


2. Cul, THF 


1528. This transformation, which is similar to the reaction that takes place between a Grignard 
reagent and an epoxide, provides a way to extend a carbon chain by three carbon atoms. Ring opening 
occurs because the four-membered ring has significant strain energy. Furthermore, the magnesium ion 
associates with the oxygen atom of the oxetane ring to form a good leaving group that facilitates ring- 
opening. Even so, this transformation requires fairly high temperatures to be successful, so it is not as 
general as the reaction that epoxides undergo. 


X 
" SE d 
[9] `a O---Mg O- MgX* 
+ R—-MgX — —* ^n ———- 
enna ^R 


15.29. To assess the atom economy of a pair of reactions in a semi-quantitative sense, write a complete 
equation for each (if possible) and consider what by-products are formed in each process. Addition 
reactions normally have the best atom economy, especially if all of the atoms of a reactant add to the 
organic substrate. For the transformations in each part of this exercise, the reaction in the colored box 
has the better atom economy of each pair being considered. 


a. Oxymerauration is an inherently poor procedure because mercury is formed as a product. Disposal of 
this highly toxic material is costly. Markovnikov addition of water is highly efficient. 


a eee. H20 
OH + Hg?* + 2 HOAc + boron by-products 
2. >. NaBH, aq EtOH — aq EtOH 


H30* 
———— 


OH 


b. Hydroboration is a fairly benign process, but it does generate boric acid as a by-product. 
Electrophilic additionof water is highly efficient. 


a 
Q 1. BH3, THF O” 
— > 
2. H202, OH™ 


OH 
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15.29. (continued) 


c. Only one-third equivalent of PBr; is needed to convert an alcohol to its alkyl bromide derivative. 


1 
l3 PBr3 
1 
UA RUAOH oS OTA Oe Ct 1h HPO 


1. MSCI, NEts 
NNN Mm cB + EGNH*CE + LIOMS 


d. Catalytic hydrogenation is highly efficient because the catalyst canbe recovered and recycled. 


2 Na, liquid NH3 
CH3CH2CH2-—C=CH = —————- CH3CH2CH2—CH=CH2 + 2 NaO-tBu 
2 tert-BuOH 


H2 
CH3CH2CH2-C=CH | ———> CH3CH3CH5 — CH- CH5 
Lindlar catalyst 


15.30. When you perform a reaction in which you know what the product will be (or is expected to be), 
you want to focus on those spectroscopic features that are unique for the starting material and product. 
Although many subtle changes will undoubtedly occur in several parts of the spectrum, it helps to look 
for a limited number of specific changes that will be readily observed. 


a. The reaction between a Grignard reagent and ethylene oxide adds two carbon atoms to the starting 
organohalide and yields a primary alcohol. The calculated analytical data are listed along with 
the observed data given in parentheses, and the results show that the expected product was likely 
formed. The starting material has few spectroscopic properties that differ from those of the 
product molecule—that is, the absorption bands associated with the methoxy group and benzene 
ring will be similar for both reactant and product. Thus, the data that need to be evaluated will be 
the new bands that appear in the hydroxyethyl group of the product, which are listed below. 


CH3CH30H 
O te MSIE C CoH1202 C,71.03*6; H, 7.95% 
H3CO 2. Do H3CO (C, 71.1596; H, 7.87%) 


3. H30* 
IR spectrum 1H NMR spectrum 13¢ NMR spectrum 
H4CO H4CO H4CO 
vOH -3400cm! —— ^ 8-27, triplet — j è ~36, triplet 
: s" CH2CH;0H gy 5 ~ Ani id 

I / 

Hco \7 Heo \7 | Hco^ wA g ( 
è 30-40 ~ 860-75 


1H, exchanges with D2O 2H (DEPT) 2H (DEPT) 
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15.30. (continued) 


b. The reaction between a Grignard reagent and an aldehyde yields a secondary alcohol. The 
calculated analytical data are listed along with the observed data given in parentheses. The 
results show that the expected product was likely formed. 


OH 
Li Ma THE THF C42H4gO C, 80.3%; H, 10.1% 
CROP genes © 2. CeHsCHO (C, 80.8%; H, 10.3%) 
3. H30 
The starting material has few spectroscopic properties that differ from those of the product 


molecule. The addition of a benzene ring and an OH group to the starting compound accounts for the 
most obviousnew absorption bands. 


IR spectrum 1H NMR spectrum 13C NMR spectrum 
! 8 30-60 um 
6-39 ntet 
Br , qui at n Br iH @EPT)—* Br 


è ~5, doublet » ~ 4H, exchanges with D20 - 860-75 
N if 1H (DEPT) 
, J 
/ 
vOH -3400 cm! ^ 687-8, multiplet, 5H ~ 6110-150, 4 signals 
e un 4 three with 1H (DEPT) 
vC=C ~1600 cm one with OH (DEPT) 


1531. By looking at the integrated intensity values of the given proton NMR spectrum, you will see 
that the by-product molecule has 10 protons, which is one more than the starting organobromide has. 
Knowing that Grignard reagents often engage in acid-base reactions, it is likely that this by-product 
has been formed by the reaction of the Grignard reagent with a proton source. 


H30* 
CH3—C=C—CH2CH2CH2MgBr = ————————»  CH3—C-C—CH;CH2CHg 


If the acid-base reaction has occurred, then the byproduct will have a propyl group, which should 
manifest itself as two triplets and a sextet at appropriate chemical shift values. In fact, such peaks 
are seen in the spectrum, as summarized below, so we conclude that the by-product is 2-hexyne. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
24 2 CH2 triplet 2 
1.8 3 CH3 singlet 0 h- propyl group 
14 2 CH2 sextet 5 
0.95 3 CH3 triplet 2 
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15.32. Because you do not know the structure of the aldehyde used in your reaction, the product should 
be treated the same as you would for an unknown compound. You do know that it contains a phenyl 
group because you started with the Grignard reagent made from bromobenzene. Follow the procedure 
outlined in the solution to Exercise 14 23. 


(1) Examine the °C NMR to determine the number and types of carbon atoms present. There are three 


(2) 
(3) 


(4) 
(5) 


(6) 


types (C=O, aromatic, and aliphatic) consisting of nine peaks, four of which represent the benzene 
ring. Start with the assumption that the compound has 11 carbon atoms (6 for the benzene ring plus 
one for the carbonyl group and four aliphatic carbon atoms). 

Examine the integrated intensity values in the proton NMR spectrum. The total is 14 (5:2:2:2:3, 
left to right). Start with the assumption that the compound has 14 hydrogen atoms. 

Use the high-resolution data to determine the molecular formula with the initial assumption that 
there are 11 C atoms, 14 H atoms, and some number of oxygen atoms. For C,,H,,O, the calculated 
high resolution MW is 162.104 (observed MW - 162.105). This formula is consistent with the data. 
Calculate the number of unsaturation sites: [2(11) + 2 - 14]/2 =5 sites of unsaturation. Four sites are 
in the benzene ring and one is the carbonyl group, which accounts for all of the sites. 

Examine the IR spectrum. The strong absorption at 1700 cm? is attributed to a C=O stretching 
vibration (ketone or aldehyde) that is conjugated with the aromatic ring. The carbonyl resonance 
in the PC NMR spectrum indicates that this carbonyl group is a ketone (no attached H). 

Examine the proton NMR spectrum. You already know that the molecule contains a benzene ring, so 
you can focus on the aliphatic region. The data, summarized below, indicate that a butyl group is 
present in addition to a monosubstituted benzene ring. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
7.4-8 5 ArH multiplet -- 
2.95 2 CH2 triplet 
1.70 2 CH2 quintet 
butyl group 
1.40 2 CH2 sextet 
0.90 3 CH3 triplet 


Assembling these fragments (C=O, C;H;, CH;CH;CH;CH,) generates the structure of this unknown 
compound, 1-phenyl-1-pentanone. 


[9] 


(Cy memes 


15.33. Follow the procedure outlined in the solution to Exercise 15.32. 


(1) Examine the ?C NMR to determine the number and types of carbon atoms present. There are two 


(2) 
(3) 


(4) 


types (aromatic and aliphatic) consisting of eight peaks, four of which represent a benzene ring. 
Start with the assumption that the compound has 10 carbon atoms (6 for the benzene ring plus four 
aliphatic carbon atoms). 

Examine the integrated intensity values in the proton NMR spectrum. The total is 14 (5:2:2:2:3, 
left to right). Start with the assumption that the compound has 14 hydrogen atoms. 

Use the high-resolution data to determine the molecular formula with the initial assumption that 
there are 10 C atoms, 14 H atoms, and some number of O atoms. For CH, the calculated high 
resolution MW is 134.110 (observed MW = 134.110). This formula is consistent with the data. 
Calculate the number of unsaturation sites: [2(10) + 2 — 14]/2 = 4 sites of unsaturation, which are in 
the benzene ring. 
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15.33. (continued) 


(5) Examine the proton NMR spectrum. You already know that the molecule contains a benzene ring, so 
you can focus on the aliphatic region. The data, summarized below, indicates that a butyl group is 
present in addition to a monosubstituted benzene ring. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
7.1-7.3 5 ArH multiplet -- 
2.60 2 CH2 triplet 2 
1.60 2 CH2 quintet 4 ~ 
_— >? butyl group 
1.35 2 CH2 sextet 5 
0.90 3 CH3 triplet 2 


Assembling these fragments (C,H; and CH,CH,CH,CH;) generates the structure of this unknown 


compound, buty Ibenzene. 
pe H3C H3 


Tosynthesize this compound from bromobenzene and an alkene, you can make use of the Suzuki reaction. 
Treating 1-butene with catecholborane yields one reactant.  Bromobenzene couples with this 
organoborane to yield the desired butylbenzene molecule. The starting compounds are shown in color. 


Retrosynthesis 
Br 
| => + (CcagB/^ "^. D> w^. 
fA 
Synthesis 
a catecholborane Z | 5 AAN CgHsBr, Pd(PPh3)4 
THF NO NaOH 


15.34. For many molecules, the alcohol functional group defines a place at which to make a logical 
disconnection in the retrosynthesis. If an OH group is not present, consider how the functional group 
that does exist can be made from an alcohol. For instance, alcohols are oxidized to form carbonyl 
compounds, and alcohols are dehydrated to form alkenes. 

If the synthetic goal has a ring as part of the carbon skeleton, consider ways to include the ring as a 
starting material. For instance, benzene derivatives are often made conveniently using the phenyl 
Grignard reagent. The Diels-Alder reaction (Section 10.4b) is a useful way to make six-membered rings 
from acyclic starting materials. 

There are many ways to prepare the molecules shown below. Only one route for each is presented. 
The starting compounds are shown in color. 


a. The alkene can be made by dehydrating an alcohol; the alcohol in turn is accessible by using a 
Grignard reagent with a ketone. 


Retros ynthesis 


OH 
7^ 3 [1 = er 
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15.34. (continued) 


Synthesis 
Br 1. AL ie ether LTHPOK i 
l ppe CH3CH2CH2COCH3 
3. H,0* 


b. The ketone and aldehyde groups can be made by oxidizing alcohols. The diol in turn is accessible by 
using a Grignard reagent with an aldehyde having a protected alcohol group. 


Retrosynthesis 
O OH 
HO o 
ll > à > aa > T: RAA 
z- H OH 
Synthesis 
M ae = ) A 
a oe 
H OH CH2Clo H OSiMe3 
OH oO 
í ou. Br 4. Mg, ether OSiMe, 1. F^, H20, CH3CN CHO 
iy a 
— 2.A 2. CrO3, pyridine 


3. H30* 


c. The cyclohexane ring can be made by means of the Diels-Alder reaction (Section 10.4b). The 
dienophile is made by oxidizing an alcohol made from a Grignard reaction with an aldehyde. 


Retrosynthesis 
[o (0) fe) 
a e Bi H 
n = eÍ > [f + 
Synthesis OH o C o 
Br 1. Mg, ether CrO3, pyridine E S 
—————— ——————— ————- 
2. (CH3)3CHCHO | | | 
3. H30* 


d. This alcohol can be made by opening an epoxide ring with a Grignard reagent. Whenever a carbon- 
containing substituent is attached to the carbon atom adjacent to a carbon atom bearing an OH group, 
consider using the epoxide ring-opening reaction as a way to prepare the alcohol. 


Retrosynthesis Synthesis 


QOQ 0O OTE QO 


CX OH 
3. H30* 
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15.34. (continued) 


e. The alcohol product can be made by the reaction of a Grignard reagent with an aldehyde; the 
needed alkyl bromide is made using a Grignard reagent with acetaldehyde followed by conversion 
of the alcohol to the bromoalkane. 


Retrosynthesis o 


-— =; ge Ya + "ESSA => “5, + Jis 


Synthesis 
1. Mg, ether PBr3 
^ Br > OH ——— pangs ale 
2. CH3CHO 
3. A 
. Mg, ether 
Br Kies MEI -— 
2: 2. CHNCHoSCHO 
3. H40* 


f. This alcohol can be made by opening an epoxide ring with a Grignard reagent. Whenever a carbon- 
containing substituent is attached to the carbon atom adjacent to a carbon atom bearing an OH group, 
consider using the epoxide ring-opening reaction as a way to prepare the alcohol. 


Retrosynthesis Synthesis 
OH 
o a aye ether 
YN’) 5 b: dit + Brn“ NY Br S Ate AAA 
\_/ V / Si 2 


3. A 


g- The alkene can be made by dehydrating an alcohol; the alcohol in turn is accessible by using a 
Grignard reaction with an aldehyde. 


QQ O04) 


Retrosynthesis 


Synthesis 


1. Mg, ether 
x) IAM 


j-cHo 


h. The azidoalkane can be made via a substitution reaction from an alcohol; the alcohol in tum is 
accessible by the reaction of a Grignard reagent with an aldehyde. 


Retrosynthesis 
N3 OH oO 
Pahoa, => Putin => “Nw + we 
Synthesis 1. Mg, ether OH 1. MsCI, NEts, N3 


Pa) RT SIS I SPD cu pp pe 
————————————— —————— 


3. H30* 2. NaN3, DMF 


Solutions to Exercises for CHAPTER 1 6 


ASYMMETRIC REACTIONS AND SYNTHESIS 


16.1. Brucine has seven stereogenic centers, and quinine has five (it is helpful to expand the structures 
to show the protons): They are carbon and nitrogen atoms with sp? hybridization having four different 
groups attached (an unshared electron pair on N counts as a group). In the following structures, these 
centers are marked with colored asterisks. Nitrogen atoms that are chiral must be locked into a specific 
orientation to prevent pyramidal inversion (Section 4.2f). Note that a nitrogen atom adjacent to a 
carbonyl group has sp? hybridization and is not chiral. 


H34CO XX 
HCO p 
ap! —— 

hybridization 


Brucine Quinine 


162. The resolution of a racemic mixture of amine molecules is carried out by forming diastereomeric 
salts with the chiral sulfonic acid shown below. Its chiral carbon atom has the (R) configuration. Note 
that this chiral carbon atom is attached to four other carbon atoms, so to assign its configuration, you 
have to consider the next shell of substituent atoms, which is listed for each position in the expanded 


structure (middle). 
C,C,C 
7 
^C } 


H H7 


me Aa ce 
Li! SJ Z H 7| c Yc-o = Li A 4) 
PA 
CHH 


[9 Tes 0,0,C 


In the resolution process, the amine mixture reacts with the acid to form diastereomeric salts, which 
are then subjected to fractional crystallization. 


H, CH3 H CH 
p p N SO4 
Í N RINED \77803H (R) NH3 Fi =o 
7 fe e 
* idm. * crystallization 
H3C. H M" 
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162. (continued) 


The separated diastereomers are each then treated with aqueous base to liberate the corresponding 
chiral amines. This step yields the sodium salt of the chiral sulfonic acid, which can be recovered by 
acidifying it with aqueous hydrochloric acid. 


B, CH3 weh ur B. CH3 
Rys pmo me, adiis 
CK sos Nat 
a aia bal in separated----------- "Sewn Sener ce oe Vaya 
"sc H m d — HC, H recovered 
on Hs nz cc aiii aq HCI 


16.3. The assignment of pro-(R) and pro-(S) is made by looking at the configuration of the new 
stereogenic center in each product molecule. The hydrogen atom that was replaced to form the new (R) 
center is pro-(R), and the other one is pro-(S). 


(R) (S) P 3 


H, H H, Br) Br. HJ cou, 
7, 7, P A pro-(S) e 7, 
— * 


16.4. The assignment of pro-(R) and pro-(S) is made by looking at the configuration of the new 
stereogenic center in each product molecule. The double bond face at which addition yielded the new 
(R) center is pro-(R), and the other one is pro-(S). 


- pro-(R) 


g pro-(R) 

H3C H3C H H3C { OH H3C 

—s YZ y m \ \ y N 
— P4 / ff / — 
H3C H3C = H3C VX H3C ) 
H H H H 
_/ OH H rd 
(S) 
pro-(S) 
16.5. The de is the numeric difference between the amounts of each diastereomer, expressed as a 


percentage. The major diastereomer is 80% of the mixture, and the minor one is 20%. The de is 
therefore 80% — 20% = 60%. 


CI CI Br CI Br 
T NN a phos. t JP ars: 
1 


T 
20% : 80% 
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16.6. The assignments of the configurations are carried out as described in the solutions to Exercises 4.7 


and 4.9. 
N,C\H 


(S) as drawn, but the priority 4 
group is coming forward, so 
the actual configuration is (R). 


H4 
Hac, \* y1 4 
EC p" N/7* 2 
| (“pF 
2 PÍ 
eTo of ci ! 
H 


(R) as drawn, but the priority 
4 group is coming forward, so 
the actual configuration is (S). 


H TA 
H3C. 
*‘\_N.(S)S 
(S) ‘pF 
RQ) sN 
D M | 
p]? €* 
H 


16.7. From the integrated intensity values, calculate the intensity ratio. The amount of each divided 
by the sumof their amounts is equal to the percentage of each. The difference between these percentage 
values is the ee. 


13.30 
d 133 420 
l| 3.16 1.00 
| 
| 4.20 1.00 
| ——— = 81% ———— 19% 
3.16 4.20 + 1.00 420 + 1.00 


ANAL 


81-19 =|62% ee 


16.8. Follow the procedure outlined in Example 16.1. This needed alkene is an unsaturated carboxylic 
acid, so Noyori's chiral rutheniumcatalyst is a suitable choice (Table 16.2). 


H3C H CH; 
uA I 
H3CO A H3CO á 
CH2 H3C H 


(BINAP*)Ru(OAc)2 


S 
C. 
See COOH 
100 atm H5, CH4OH 
H4CO 


16.9. Follow the procedure outlined in Example 16.2. The needed alkene in part (b.) should be cis in 
order to achieve a high degree of enantioselectivity. 


$. 


a. 
H3C H 


1. (Ipc*)BH2 Hse, H 
2 DEM oL z 


UH ace 4 equiv CH3CHO 
4. H202, OH” 
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16.9. (continued) 


b. H OH H 
X^ = VV or — 

H H H H H 
1. (Ipc*)BH> H 
2. crystallize ^ pa 

» d COM. du 2 nr PONUNT 

H H 3. 4 equiv CH3CHO 

4. H202, OH^ 


16.10. To determine the structure of the needed alkene, replace the oxygen atom of the epoxide with a 
carbon-carbon double bond. To choose the reagent needed to prepare the chiral epoxide, make use of the 
data in Table 16.2. 


f Synthesis — "! 
Retrosynthesis — — — — — — —31 


å 
oan: = tec FR*, HSOs~ ein. 
H20, CH3CN 


b: SIT 9 N Mn(salen*)CI Y d 
UD = DS m— CO 
ds Y NaOCI N 
c. HC. O CH H3C CH H43C O CH 
M ie "s. LM FR*, HSOZ- V dg i 
C—C C=C H20, CH3CN C—C 
/ \ =K / \ , / \ 
H — H or H 
——————- 
Mn(salen*)Cl 
NaOCl 


16.11. Grignard reagents react with an epoxide at the less highly-substituted end of the three- 
membered ring after complexation between the oxygen and magnesium atoms. The configuration of the 
carbon atom at which RMgX reacts undergoes inversion; the configuration of the other carbon atom is 
retained. 


retention 


16.12. The first step in the given synthesis is a hydroboration reaction, which gives the organoborane 
derivative of methylcyclohexene. Crystallization (step 2) occurs with formation of the dimeric 
organoborane species, which is a single diastereomer. 


BH (Ipc") 
= (Ipc*) HL 


CH3 CH3 
(Ipc*)BH2, THF EET crystallize | „H "ig 
—————————  — — ———————— JM tue ous 
2 "u^ | 


B 
H CH3 (Ipc*) 


|= 
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16.12. (continued) 


Step 3, which consists of treating the pure diastereomer with acetaldehyde, yields the 
enantiomerically pure boronate derivative. The chiral pinene molecules are liberated in this step and 
can be recovered. 


s H4C H B(OC2H5)2 
(Ipc*) DW : 
| 4H. 4 CH4CHO e Ch 
eB Be LÁ 2 “H * 2 pinene* 
ho A La 
: H^ | 
s (Ipc*) 


The boronate is treated with hydrogen peroxide and base, which yields the chiral alcohol, and the 
Swem oxidation procedure converts the secondary alcohol to the corresponding ketone. 


B(OC2Hs)2 OH > 
= Swern 
CH3 


A CH3  H,0, OH- 243 oxidation 7 
| H z 'H » 'H 


16.13. Follow the procedures outlined in Examples 16.4-16.7. The starting compounds are shown in color. 


a. The nitrile can be prepared from an alcohol using a substitution reaction, and chiral alcohols are 
readily prepared using chiral organoborane reagents. The substitution reaction will employ $42 
conditions in order to control the stereochemistry of the reaction, therefore the alcohol prepared 
from the alkene must have a configuration opposite that of the product. 


Retrosynthesis 
CN OH 
Synthesis 
1. (Ipc*)BH2 
PUEL XM 2. crystallize 1. MSCI, NEt3, CH2Cl 
—- 
3. 4 equiv CH3CHO : 2. NaCN, DMF 
A. H202, OHT OH CN 


b. The dimethoxy compound in this exercise can be made by alkylation of the corresponding diol, 
which in tum can be made in chiral form via the Sharpless AD procedure. 


Retrosynthesis 
OCH3 


we > c "O 


Synthesis i H3 


Ph. ZN AD-mix 1. NaH, DMF 
J ———— HO — — 
t-BuOH, HO 2. CH4l 


(CH3SO2NH2) 
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16.14. The resolution of racemic carboxylic acid molecules is carried out by forming salts with a chiral 
amine. The one chosen in this example (any chiral amine can beused) has two chiral atoms. In the first 
stage, diastereomeric salts are formed. 


Next, the salts are crystallized to separate one diastereomer (as a solid) from the other, which stays in 
solution (in the ideal situation). 


I 
COO- Luz /\ solid 
(R) "i (R)" CH3 
crystallization 
RRR & SRR NL LL Pm Atrei nei ei iim erit nens separated---------------- 
(in solution) 
: | \ (R) CH 
= Ki jets in solution 
SA_oo Luz A 
(S) F. (R)" CH3 


Finally, the carboxylic acid enantiomers are regenerated by treating them separately with aqueous 
HCl. This step also yields the amine hydrochloride salt, which can be converted to the free base 
amine and recovered after treatment with aqueous base. 


cr 


16.15. Follow the procedure given in the solutions to Exercises 16.3 and 16.4. 


* — PoR) 77 Ho IL Pros) 


Br. H H Br 
—* a * ah 
(R) (S) -7 
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16.15. (continued) 


b. T v- H OH HO H 
EC , —À 4 —€—— a 
r 
a 
bottom: pro-(R) (S) (R) 
S mne H3C H H, Ch 


bottom: pro-(R) 


16.16. Follow the procedure outlined in the solution to Exercise 16.3. If replacing the protons in tum at 
a given carbon atom yields enantiomers, then the hydrogen atom is enantiotopic. If diastereomers are 
formed by the replacement processes, then the replaced H is diastereotopic. The protons in methyl 


groups are homotopic and not prochiral. 


Arachidonic acid Lauric acid 
o mra d QV nra-( 
"am pro{S) "i = 
pro(R) — pro-(S), ro4R) Mns e onn 
H H > T dl P we H, H a P H, H H, Hs pro-(R) 
AAI V VV BO tigate hye AO 


pro(R). S H i " 
pro-(S) 
All of the indicated hydrogen atoms are enantiotopic. 


Oxalosuccinate 
coo- 
— H FC PrO-(R) 
H (e oX 
[9] 
COO 


The indicated hydrogen 
atoms are diastereotopic. 


L-Phenylalanine 


NH2 
<H 
-(R — p 
pw S H P3 c 
pro-(S)__“ H COOH 


The indicated hydrogen 
atoms are diastereotopic. 


n 


—" HW pro4s) 


All of the indicated hydrogen atoms are enantiotopic. 


Citrate is an unusual molecule because it is achiral, yet 
replacing the indicated hydrogen atoms will produce 
diastereomers (the carbon atom bearing the OH group 
becomes chiral when either of the indicated protons are 
substituted). 


pro{S) 
pro-(R)~_“~ H HM 
—Á g7 COOH 

EN 
Hooc-cH, OH 


The indicated hydrogen atoms are diastereotopic. 


Pyruvic acid 


The methyl protons are homotopic. 
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16.17. Given both the names and structures of the molecules involved in this transformation, we can 
draw each with its specified stereochemistry. The top face of the double bond in aconitate is the one to 
which the incoming H and OH groups add, but saying that the top face of aconitate is pro-(S) is 
ambiguous, because both the (R) and (S) configurations exist in the product. 


- H 
OOC —CH; E H20 -00C OH / - 
- _-=C—Coo —— Vu PEN 
x: i aconitase 2 
OOC pa f - 7 boo" 
OOC RN, 


(2R,3S)-Isocitrate 


Therefore, we have to modify our designation to reflect which chiral center in the product is referred 
to. The top face of aconitate is the pro-(35) [or pro-(2R)] face with respect to hydration. 


16.18. Follow the procedures illustrated in the solution to Exercise 16.9. The structures of the needed 
starting compounds are shown in color. 


a. Because you are essentially told to use a hydroboration procedure to create the chiral center in the 
product, you have to ask yourself how an organoborane reactant can be exploited. Either the 
organoborane will be converted to an alcohol, which can be modified subsequently by substitution 
reactions, or else the Suzuki reaction will be employed. 

In this part of the exercise, two organic rings are brought together to form a new carbon-carbon 
bond, so the Suzuki reaction is called for. 


Retrosynthesis 
Ph Poet. 
L—1 Br Y = 
ad ae o^ 
Synthesis 1. (Ipc*)BH> B(OEt)2 Ph 
FP 2. crystallize / \ (Ph3P)4Pd, PhBr , i 
——— i | ———— ( | 
^o^ 3.4equivCH.CHO — "g^ NaOH No 


b. Anazidoalkane is prepared from an alcohol via its alkyl sulfonate ester derivative (Section 7.1b). 
The needed chiral alcohol, the configuration of which must be opposite that of the product, is made 
from a cis alkene using hydroboration followed by oxidative hydrolysis. 


Retrosynthesis 
N3 OH 
Synthesis 
1. (Ipc*)BH; Bh " 
PEG 2. crystallize "v 1. MsCl, NEt,;, CH2Ch :3 
"AMARUM MES- NES dé ^ z 
P dim d 
4A 3. 4 equiv CH;CHO 2. NaN3, DMF 


4. H202, OH™ 
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16.18. (continued) 


c. An alkene can be prepared by the E2 reaction of alkyl sulfonate ester, which in turn is prepared 
from an alcohol. The E2 reaction requires that the leaving group is trans to the proton that is also 
removed. The presence of the methyl group ensures that the elimination step proceeds as needed, 
which leaves the chirality set at the carbon atom bearing the methyl group. 


Retrosynthesis 
CH3 CH3 CH3 
A si = U 
“OH 
Synthesis 
1. (Ipc*)BH2 
CH CH CH 
CY * 5. crystallize CX 3 1. MsCI, NEt3, CH2Ch #4 3 
—_— —. 
3. 4 equiv CH3CHO “OH 2. KOH, ethanol, A 
4. H202, OH™ 


16.19. The degree of ee or de of a reaction is the numeric difference between the amounts of each chiral 
isomer (ee for enantiomers; de for diastereomers), expressed as a percentage. 


a. HO HO 
- (R) (S) 
yo 1. BH3 ^76 SS " = 
— r 
< a AG * ANS 
dios 2. H202, OHT 2 e 30% de 
65:35 


b. 


“N= ae aas NER N. s 15 
ib. c Y WN-OH + € Y qsM-oH -13 
i oy H20, CH3CN \ / X. ; — 


16.20. The signals in this spectrum are assigned by the procedures outlined in Exercises 13.3-13.9, 
making use of the data in Table 13.1, the integrated intensity values (the numbers of protons), and the 
spin-spin splitting patterns. The methyl group next to the carbonyl group will produce a singlet with an 
intensity of 3H; the methyl group at the opposite end of the chain will generate a signal that appears 
as a triplet because it is next to a methylene group; and the methyl group adjacent to the methine proton 
will generate a doublet signal. The methine proton produces the signal farthest downfield, and it will 
appear as a sextet because it is adjacent to both methyl and methylene groups (3 + 2 protons + 1 = 6, a 
sextet). 


8 1.7,1H, doublet of quintets " s. 8 14, 1H, doublet of quintets 


i `“ Ha Je [e] 
N | — §2.15,3H 
o ade, re AN d singlet 
triplet H3C C CH3 — 
8 2.45, HTN, / X — 
sextet He CHs3 8 1.05, 3H, doublet 


The remaining two signals in the spectrum must be produced by the methylene protons. These are 
diastereotopic because replacing each in turn generates diastereomers (the methine carbon atom is 
chiral). Therefore, the protons labeled H, and H, are not equivalent, and they will each be split by the 
combination of the methyl (end of the chain) and methine protons (3 + 1 protons + 1 = 5, a quintet), as 
well as by each other (geminal coupling). Assuming J values of 7 and 3.5 Hz (the choice of 3.5 Hz is 
somewhat arbitrary) creates the following splitting patterns, which are not unlike the ones that are 
actually observed. 
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16.20. (continued) 


Ha Hp 

splitting by Hc and splitting by Hc and 
methyl protons (8 0.9) methyl protons (8 0.9) 
J=7 Hz J=7Hz 

THT TIT 
spliting by Hy splitting by Ha 
J-35Hz J=3.5 Hz 
(geminal coupling) (geminal coupling) 

II lI II I 


16.21. Follow the procedures illustrated in the solution to Exercise 16.13. The starting compounds are 
shown in color. 


The ketone can be prepared from an alcohol by oxidation, and chiral alcohols are readily prepared 
from alkenes using chiral organoborane reagents. 


Retrosynthesis 
Oo OH 
sai Pre Mid 
Synthesis 
OH 
CH.CH 1. (Ipc*)BH? UT 1. DMSO, CICOCOCI CHeCH 
ares 2. crystallize iE: -60?C EL 

— Ahsa N —————————- 

3. 4 equiv CH3CHO 

4. H202, OH^ 2. NEts 


The sulfide can be prepared from an alcohol by using a substitution reaction of the corresponding 
alkyl sulfonate ester, and the chirality of the adjacent carbon atom is set during the hydroboration 
reaction that serves in the preparation of the required alcohol group. 


Retrosynthesis 
H H 
SN sm -> No > E 
Synthesis 
1. (Ipc*)BH2 H H 
"ew 2. crystallize Duy" 1. MSCI, NEts, CH2Cl2 "o 
— ————- 
3. 4 equiv CH3CHO 2. NaSPh, DMF 
4. H202, OH^ 


The chiral alcohol product can be prepared with a ring-opening reaction between a Grignard 
reagent and epoxide. The chiral epoxide is made using the dioxirane reagent, FR*. 


Retrosynthesis 


OH m. d à 
oH => | " EN ü = = 
y — Br } C(CH3)2 


/ 


CHAPTER 16 / ASYMMETRIC REACTIONS AND SYNTHESIS 267 


16.21. (continued) 


Synthesis 
H FR*, HSOs o 1. PhMgBr, THF d | OH 
—" Ó JB cH PUT TEENS: 2 Rs Ao H 
H20, CH3CN — 2. H30 v — re 


d. This carboxylic acid can be prepared by hydrogenation of the corresponding unsaturated acid, 
which in tum is made by carboxylation of the Grignard reagent prepared from an alkenyl bromide. 


Retrosynthesis 


Ke > AAs > P 


Synthesis 
dis. ORI 1. Mg, THF E OOH  (8INAP)RW(OAC) sss iti 
2. 209 — Ha, ET 


e. The ketone can be prepared from an alcohol by oxidation, and the required chiral diol is prepared 
by an asymmetric dihydroxylation reaction of a trisubstituted alkene. The tertiary alcohol is not 
affected by the oxidation step. 


Retrosynthesis 
OH OH 
S => : = EN 
[9] OH 
Synthesis 
AD-mix OH KMnO,, OH- 9H 
X — S a -H 
t-BuOH, H20 < 
(CH3S02NH2) OH (0) 


f. This alkyl benzene derivative canbe prepared using the Suzuki coupling. The chiral organoborane 
is made from an alkene, taking advantage of the steric bulk of the tert-butyl group to direct the 
boron atom to the carbon atom farther away from the tert-buty1 group. 


Retrosynthesis 
H 
. Br H 
S ! 
| > | * oer K > 
ZA ZA (EtO )2B H 
; H 
Synthesis H 
1. (Ipc*)BHz H (Ph3P)4Pd, PhBr : 
j. 
™ 2. crystallize (EtO )2B NaOH 
H \ 3. 4 equiv CH,;CHO 


`~ hindered by the presence of the tert-butyl group 
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1622. The two diastereomers formed from the reaction of the racemic mixture of amines with the 
phosphorus reagent differ in their configurations at the carbon atom bearing the amino group. 


"ES CH; CH; 
H3C.A N (5 H3C, s a H3C. 18) 
H (*)-1 and (-)-1 4 —N,(G),S se N.. S 
(S)| G (S) rS H.,,) (S) * (S) [ pÍ (R) 


"P — , 
R V Na (R) (R) Sui 
Ph" "of Ph" =o” of CN 
hi Ph u^ H 
H H 


The ee of the associated amination reaction is calculated using the procedure outlined in the solution to 


Exercise 16.7. 
16.7 


^ 167 965 
| 173 1.00 

B 

B 9.65 1.00 

——— = 91% ———— = 9% 
173 | | 9.65 + 1.00 9.65 « 1.00 


-ZVS m 


16.23. The first step in the transformation presented in this exercise converts the alcohol to its 
sulfonate ester derivative. 


[9] P MsCI, NEt3, CH2C h2 [9] RH 


pp ———————- [ONS oms 


If the methanethiolate ion were to react in step 2 at the carbon atom bearing the leaving group, then 
the configuration of the chiral carbon atom would be retained. 


H - OMS H 


Lo S: O. . 
Q ——————— Q 
a i Pts 


CH3S^ 


The fact that inversion of configuration ocaurs must mean that the epoxide ring must be involved. 

You learned previously (Section 7.2e) that epoxides are susceptible to reactions with 
nucleophiles, so considering that possibility, you can see that ring opening will create an alkoxide 
nucleophile that can subsequently displace the mesylate group. This step inverts the configuration of 
the chiral carbon atom. 


H o- H —SCH, 


OSY OMs^ 
CTS ous — A rots — BE. 
CH3S y CH3S m S 


This second step is likely tobe a concerted (rather than stepwise) process, in which case the mechanism 
is written as follows: 


n " H, o o. „— SCH; 


On x - OMs . y 
= ~~ OMs ei v | N 
CH3S D SA A CH3S —_ I Ly, 
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16.24. First, draw the predicted products based on the given transformation (hydrogenation, hydro- 
boration, and so on) and taking into account the relative stereochemistry associated with each reaction 
(syn addition, anti addition, etc.) Assign the configuration to each chiral carbon atom, and then draw 
its enantiomer by switching the configuration of every chiral center. Finally, calculate the quantity of 
each enantiomer from the given ee value by applying the following equation: ee = X - (100- X), where 
X is the amount of the major enantiomer. This equation simplifies to: X = (100 + ee value)/2. 


a. The AD reaction occurs by syn addition, but only one new chiral carbon atom is created in the 
product molecule. X= (100 + 91)/2=95.5. 


o^ oon 
_ LL mix”, 0 °C 
[2 tBuOH, CERAM 
Ratio 2955:45 = 91%ee (S)>(R) 


b. This asymmetric hydrogenation reaction occurs by syn addition, but only one new chiral carbon atom 
is created in the product molecule. X = (100 + 96)/2 — 98. 


(BINAP*)Ru(OAc)2 = 
ZA OH —_————————— at + OH 


H2, CH30H (R) 
Ratio=98:2 96 %ee (S)> (R) 


c. The AD reaction occurs by syn addition, but only one new chiral carbon atom is created in the 
product molecule. X = (100 + 84)/2 =92. 


OH OH 
Ba ee hee 
A S UP NS PP AD-mw^, 0^6 "t + (S) 
tBuOH, H20 E 
OH OH 


Ratio - 92:8 84%ee (R)»(S) 


16.25. First summarize the reactions described in the paragraph. 


A adn. : B 
C6H42 2. Zn, H20 NMR 
enantioselective 
epoxidation 
c 1. CH4CH5MgBr D 
meso CaH 480 


2. H20 


Compound A is an alkene because it has one site of unsaturation (Section 14.1c) and reacts with 
ozone and epoxidizing reagents. 

Compound B is an aldehyde, the structure of which can be deduced from the given proton NMR 
data. The resonance at 6 9.9 is in the correct range for the CHO group, and it is split into a triplet, 
which means it must be within three bonds of 2 other protons: -CH;-CHO. The splitting of the 
methylene protons signal (doublet of quartets with J values of 2 and 7 Hz) means that the methylene 
group is also adjacent to a methyl group: CH;-CH,-CHO. Because only compound B is formed by 
ozonolysis of compound A, the alkene must be a symmetric compound, 3-hexene. 

Compound C is the epoxide derivative of 3-hexene. The fact that it is meso means that A must be 
cis-3-hexene. We can now replace the letters with structures, as follows. 
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16.25. (continued) 
H 
X ; , 
———— 
H 2. Zn, H20 


CH3CH2 ,(F),H 
TUE 1. CH3CH2MgBr 


CHCH {sH 2 20 


c 


The reaction of the Grignard reagent with the meso epoxide yields a racemic mixture because the ethy1 
group can react at either carbon atom of the epoxide ring. The carbon atom that retains its configuration 
is the only chiral center in compound D because the other carbon atom has two ethyl groups attached. 


16.26. An enantioselective reaction occurs whenever the possible transition states leading to each of 
the enantiomeric products differ in their free energy of activation values, as illustrated in Figure 16.1. 
An enzyme active site is chiral because its constituents are amino acids, which themselves are chiral. 
A prochiral starting material interacts with the chiral active site to produce diastereomeric transition 
states. 


1627. The active site of the enzyme that converts citrate to aconitate and isocitrate is chiral, and 
citrate itself is prochiral, having two CH;COO' groups attached to the central carbon atom. When 
citrate binds within the active site by means of hydrogen bonds and/or electrostatic interactions, the 
prochiral CH;COO' groups are differentiated by their proximities to the base that promotes 
dehydration. Furthermore, each hydrogen atom of the methylene group is also prochiral, and each of 
those is also positioned with a different proximity to this base (denoted as B: in the structure at the 
left, below). Therefore, the reaction to remove a specific hydrogen atom from only one of the 
methylene groups has a lower free energy of activation than does the reaction with any of the other 
three methylene protons. The result is that only one proton can react to form the specific isomer of 
aconitate shown and that subsequently generates (2R, 3S)-isocitrate. 


(n [on : 
\ zo 2 : 
odd : C—13CH, Do 
" H Pg d x 600 
CH * — Cc 
om CO 
-00C- V H -00c—C ) 
^ O' "4 H H 


Citrate Aconitate 


Solutions to Exercises for CHAPTER 1 Fá 


THE CHEMISTRY OF BENZENE 
AND ITS DERIVATIVES 


17.1. The relative energy levels of the molecular orbitals in compounds that are thought tobe aromatic 
can be generated by extending horizontal lines from each vertex of the ring after orienting the ring with 
one vertex pointing down. For cyclooctatetraene, there are five levels, and all but the lowest and 
highest energy levels would have two orbitals if the molecule were planar and permitted overlap 
between all eight orbitals. Placing the eight electrons into the orbitals would lead to the presence of 
two unpaired electrons. 

Instead, cyclooctatetraene undergoes distortion to remove the degeneracy among the MO energy 
levels; and its shape is a boat form, which has four x bonding orbitals, all of which are filled. There 
are also four x* antibonding orbitals, all of which are unfilled. This orbital arrangement allows the 
eight electrons to be paired. 


Ar c aded — — n* (4) 


P Dee + + A^ 4 
Nei oer sen? tat Md "a J} | J+ xm 


172. The energy levels for the MOs of a seven-membered ring are generated as described in the solution 
to Exercise 17.1. The cation has six electrons, the radical has seven electrons, and the anion has eight 
electrons. Only the cation has all of its electrons paired. Because all of the bonding orbitals are filled, 
it is the only species of the three shownbelow that is aromatic. 


173. According to the Hückel formalism, a planar, cyclic molecule with anuninterrupted a system will 
be aromatic when it has 2, 6, 10, 14, 18, etc. electrons. A x bond counts as two electrons and an unshared 
pair of electrons counts as two electrons if the pair is inap orbital rather than in a hybrid orbital. The 
four most common cases that involve unshared electron pairs are illustrated directly below. 


— This electron pair is perpendicular to the x system. 


— 7 One electron pair is in a p orbital if the 
\ | X à Y [ heteroatom has sp? hybridization; the 

/ f ANN other pair is perpendicular to the x system. 

Ni :N— :0:-/ Cs H 
/ X = j 
EN 
~“ 
~- This electron pair is in a p orbital if the 
nitrogen atom has sp? hybridization. 


Among the molecules shown in this exercise, those in parts (a.) and (c.) are expected to be aromatic. An 
atom with sj? hybridization prevents a molecule from being aromatic because it disrupts the x system, 
as in part (d.). 
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173. (continued) 


a. b. nai . This electron pair is in a p orbital. 


10 x electrons 8 xelectrons 


NT 3 = —— This electron pair is á ( .. —— —— This carbon atom has sp? 
AW. in a p orbital and is z * hybridization, which disrupts 
H3C -N N *UN Partof the x system. NH the continuity of the x system. 
VJ s 


This electron pair is 
6 x electrons perpendicular to the x system. 4xelectrons 


174. Follow the procedure outlined in the solution to Exercise 1.12. 


a. 3-Chloro-2-methylphenol ^e 
phenol a benzene ring with the OH group attached; 
its attachment point defines C1 of the ring 
3-chloro chlorine atom attached at C3 of the ring 3f 2 CH3 
2-methyl CH; group attached at C2 of the ring CI 
b. m-Hydroxybenzoic acid 1 OH 


benzoic acid a benzene ring with the -COOH group attached; 


its attachment point defines C1 of the ring , 2 
m-hydroxy OH group attached at C3 of the ring (meta) mia s 
OH 
c. o-Dichlorobenzene 1.6 
benzene a benzene ring 
o-dichloro two chlorine atoms attached to adjacent carbon " | PX 
atoms of the ring (ortho or 1,2) a * cl 
d. 2,6-Dimethoxytoluene OCH3 
toluene a benzene ring with the CH; group attached; © 4 Cib 
its attachment point defines C1 of the ring 5 
2,6-dimethoxy two OCH, groups, one attached at C2 and one 4 
attached at C6 s" 2 OCHs 
e. a,a’-Dibromo-m-xylene a 
m-xy lene a benzene ring with CH; groups Sw "^ 0s S, C oBr 
attached at C1 and C3 | | 
o,a' -dibromo two Br atoms, one attached at P\Ho PNZ o 
each methyl group ™ - 
CH3 „CHBr 
m-Xylene 

17.5. Follow the procedures outlined in the solution to Exercise 1.17. 

a. This compound has a methyl group attached to the benzene ring, so the CH3 
parent compound is toluene. The point of attachment of the methyl 1 
group defines C1 of the ring. 2 

A bromine atom is attached at C3, which is meta to the methyl 3 
group. The name is either 3-bromotoluene or m-bromotoluene. m"Br 
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17.5. (continued) 


b. This compound has a carboxylic acid group attached to the benzene 
ring, so the parent compound is benzoic acid. The point of attachment CH3 
of the COOH group defines C1 of the ring. o|2 
A methyl group is attached at C2, which isortho to the carboxylic 
acid group. The name is either 2-methylbenzoic acid or o- 
methylbenzoic acid. (A common name for this molecule is o-toluic acid 
because it derives from toluene.) 


c. This compound has an OH group attached to the benzene ring, so the 4 Ci 
parent compound is phenol. The point of attachment of the OH group 
defines C1 of the ring. 
An amino group is attached at C3, and a chlorine atom is attached HO 1 `$ 3 NH2 
at C4. The name is 3-amino-4-chlorophenol. 


d. This compound has an aldehyde group attached to the benzene ring, so 
the parent compound is benzaldehyde. The point of attachment of the 
CHO group defines C1 of the ring. 

An isopropyl group is attached at C4, which is para to the 
aldehyde group. The name is either 4-isopropylbenzaldehyde or p- 1"CHO 
isopropylbenzaldehyde. 3 


17.6. The assignment of resonances in the aromatic region of a proton NMR spectrum to the specific 
protons in a known structure makes use of both the integrated intensity values and splitting patterns. 
The splitting patterns observed for aryl protons are dominated by coupling with the other protons that 
are ortho to the one giving the signal, so only a singlet (no ortho proton), doublet (one ortho proton), or 
triplet (two ortho protons) will be observed. 

Benzoic acid has a plane of symmetry (indicated below as the dashed line), so there are three 
types of aromatic protons: two that are ortho to the COOH group, two that are meta to the COOH 
group, and one that is para. There is only one proton para to the COOH group, so the signal with an 
integrated intensity of 1H is assigned to H, (as labeled in the structure) and it appears as a triplet (two 
protons are ortho to H.. Protons H, have only one proton that is ortho, so its signal is the doublet 
appearing farthest downfield. The H, protons produce the triplet signal (two ortho protons—H, and 
H.) that appears farthest upfield. 


(2) (1) (2) Ha P 
Hp COOH 
^ integrated intensity = 2H 
f 1 adjacent ortho proton 
„Hé Ha doublet 
iL J w 
integrated intensity = 1H X 
Ha is d 2 EE protons 7— integrated intensity = 2H 


2 adjacent ortho protons 
triplet 


17.7. Chlorine reacts with aluminum chloride to generate Cl*, an electrophile. Benzene reacts with 
this electrophile to form a cation intermediate (step 1) and the tetrachloroaluminate ion removes a 
proton from the intermediate to regenerate the aromatic system (step 2). Aluminum chloride is 
regenerated with the concomitant formation of HCl. 
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17.7. (continued) 


vca: + AICI, 


+ CI! ——- + HCl + AIC 


17.8. When a benzenesulfonic acid derivative is treated with aqueous sulfuric acid, the ring can be 
protonated at the carbon atom bearing the SO;H group (step 1). Water deprotonates the sulfonic acid 
group to regenerate the aromatic ring with formation of sulfur trioxide (step 2). Water serves another 
purpose as well: it reacts with SO; to form diluted sulfuric acid (step 3). This last step is crucial in 
preventing the formation of the electrophile SO;H*, which is needed to sulfonate the ring. Thus, the 
reaction occurs in the direction written below, which leads to removal of the SO;H substituent. 


[e] 
H v HON 6 HA H 
Ey \ IS ^o^ N 
H SO3H , H i mt Be ee JH 
+ HSO, —— — a + SO3 + H3O* 
O @ » 
H H H H H H 
H H H 


SO, + H0O ————- H250; (diluted) 


179. In the pathway leading to the non-rearranged product, 1-bromopropane forms a cationic complex 
by its reaction with aluminum bromide (step 1a), and this intermediate is intercepted by benzene (step 
2a). Remember that primary carbocations are not stable, so dissociation of AIBr; ^ accompanies the 
reaction between benzene and the cationic complex. The tetrabromoaluminate ion functions as a base to 
regenerate the aromatic ring in the last step (step 3a). 


iE de H H : CHCH CH 
i — Nef ma Saw 2 2 3 
CH3CH2CH2Br: + ABR == 2€. Br - — | 7H + AIBr4- 
(1a) | H3C C Al, — (29) Z 
— p FEN \ MT 
» dd 
H H 
CH3CH5CH; CH 3C H3CH5 
Ny + AlBr4^ | ————»- + HBr + AIBr3 
LM (3a) 


To form the rearranged product, the intermediate produced in step 1a, above, undergoes hydride ion 
migration to form the isopropyl carbocation (step 1b, below). The isopropyl carbocation is then 
intercepted by benzene (step 2b), followed by regeneration of the aromatic ring (step 3b). 


cil H 
H, A, . H "s © 4 CH(CH 3) 
C Bs ——- ce AlBr4 = ———»*» = + AlBr4^ 
HaC ^ Soar, G) He? "OH. t (25) M H 
H H 
H 
CH(CH3)2 CH(CH3)2 
Uu La == + HBr + AIBr3 
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17.10. As is the case for all electrophilic aromatic substitution reactions, the first step involves 
formation of the electrophile: Protonation of the alkene double bond generates a carbocation (step 1). 
Benzene intercepts this electrophile (step 2), and the aromatic ring is regenerated by deprotonation 


(step 3). 
Ome Ce 


H 


CeH 14 


H "ap H 
QU X T 
HSO4 
+ H2S04 
© 4 H 


17.11. For Friedel-Crafts acylation reactions, retrosyntheses break the bond between the benzene ring 
and the carbonyl group of the side chain. If the substituent is an alkyl group, the retrosynthesis should 
include a step that shows the acyl derivative. The starting compounds are shown in color. 


a. The bonds of this molecule are disconnected to give benzene and the corresponding acid chloride. 
The synthesis includes a hydrolysis step, the purpose of which is to remove aluminum chloride 
from its complex with the carbonyl group of the product. 


Retrosynthesis Synthesis 
[9] 


o [o] 
cCO20"O0 OCC 
5i rr x € 


b. The bonds of this molecule are disconnected to give benzene and the acid chloride after including 
the acyl derivative that corresponds to the alkyl product molecule. The synthesis includes 
hydrolysis after the acylationstep and reduction of the acyl group to form the alkyl group. 


Retrosynthesis 


Synthesis 
— - (CH3)?CHCH5C OCI, AICl Eve Zn(Hg) yen 
2: H3O* 


17.12. The methyl group is an ortho/para director, so the products will consist of a mixture of o- 
nitrotoluene and p-nitrotoluene. The electrophile is NO;*, which is formed from the reaction between 
nitric acid and sulfuric acid. 


Qmm) cS Qm 


17.13. The intermediate carbocation with the electrophile attached to the carbon atom that is para to 
the methoxy group has the same general resonance forms that can be drawn for the ortho isomer. 
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17.13. (continued) 


In particular, the positive charge can be delocalized onto the oxygen atom of the methoxy group (note 
that the oxygen atom still has an octet of electrons). 


MEE 0n o6 E 
H H H A fh H H H H 
<> => => 
H H H H H^ SH H H 
H E H E H E H E 


17.14. Phenol is a highly activated aromatic compound, so it can undergo three successive nitration 
reactions even at room temperature. The OH group is an ortho/para director, so the three nitro groups 
will be attached to the ring at C2, C4, and C6. Picric acid is explosive, as is the related trinitro 
compound TNT. A methyl group, which is also an ortho/para director, is not as activating as the OH 
group, so the preparation of TNT requires the use of harsher conditions (heat and more concentrated 
acids). 


OH OH CH3 CH3 
| 1 1 
z | HNO3, HS0, ON d | "dim A | HNO4, HSO, ON ` ^ inn 
————————— ————— 
S aN 3 A 5 3 
4 4 
NO, NO? 
2,4,6-Trinitrophenol (picric acid) 2,4,6-Trinitrotoluene (TNT) 


17.15. As is thecase for any benzene derivative bearing a substituent with an electron pair on the atom 
adjacent to the ring, additional stabilization (structures in the colored boxes) can take place when the 
incoming electrophile attaches at the ortho (C2) or para (C4) positions, but not at C3. 


c2 Cl: cl ci ci 
WP Ps H E H E H E 
YS ee 6 OE 
uS Sg T dl adi He Se “i li dil 

H H H H 


C4 


c3 


17.16. As is the case for any benzene derivative with a substituent having a positive or partial 
positive charge on the atom adjacent to the ring, destabilization (structures in the colored boxes) take 
place when the incoming electrophile (Br* in this exercise) attaches at the ortho (C2) or para (C4) 
positions. 
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17.16. (continued) 


In one structure, adjacent atoms have positive charges; in the other, the positive charge is on the 
highly electronegative oxygen atom, which has only six electrons (a positive charge on oxygen is no 
problem if it also has an octet—see the solution to Exercise 17.13). The electrophile goes to C3 by 
default. 


O, OH 10. LOH 
c2 Cs. COOH COOH 
H Br H „BI 
“H H 
H H H H 
H H 
Poor 
O, „OH 
C4 "D COOH 
b+ 
H H H H 
H H H H 
H Br H Br 


c3 


17.17. As noted in the solution to Exercise 17.16, an intermediate with a partial positive charge on the 
atom attached directly to the ring is destabilized (structures in the colored boxes) when the incoming 
electrophile attaches at the ortho (C2) or para (C4) positions. The electrophile reacts at C3 by 
default. 


c2 5+ CF3 PECES 5* CF, 
H E H E H E 
7B | a & m `H 
H H H Di H H 
H H H 
Poor 
c4 Cr, ce, Mer, 
H H H H H H 
m X m 
H H H H H H 
H E H E H E 
c3 è CF3 5* CF3 5 CF3 
H H H H H 
gp ome jg cw H 
H H H 
E E E 
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17.18. Follow the procedures outlined in Examples 17.1-17.4. 


a. The substituents on the benzene ring are part of another ring, but we can still evaluate the effects of 
these groups by focusing on each separately. One is an acyl group (a meta director) and one is an 
alkyl group (an ortho/para director, represented by "R" in the structure below). 


[9] [e] [e] 
m-director | 
T E 
E 
= Ox. co 
o o o E 
Et s 
———— x 
R R R 
0,p-director E 


Each substituent directs the incoming electrophile (Br*) to the same two positions, so the expected 
products are the ones shownbelow. 


[9] oO 


oO 
oO = — eam CO 
SSE, + 


Br 


b. The substituents on the benzene ring are both ortho/para directors, so there are three possible 
products, which appear at the same positions. 


0,p-director 


E 
H3C cl - H3C CI H3C cl H3C cl 
= "One 
E E 


0,p-director 


E 
H3C cl T H3C CI HaC cl H3C cl 
WW: XD 
E E 


An incoming electrophile will not enter between two substituents, so we can ignore the structures at 
the far right, above. The expected products of this nitration procedure are those shownbelow. 


H3C cl HNo,  Ħ3C cl H3C cl 
H2304 NO? ON 


17.19. The total of the integrated intensity values for signals in the aromatic region equals 4, so the 
ring is disubstituted. From the data shown in Figure 17.5, we deduce that the two substituents are ortho, 
because two doublets and two triplets are observed. All of the signals have chemical shifts upfield 
from 7.25, so we can conclude that both of the otherwise unknown substituents are activating groups. 


17.20. An alkyl group attached to a benzene ring can be oxidized to the carboxylic acid group if at least 
one benzylic hydrogen atom is present. 


a. The methyl group is oxidized to the COOH group; the tert-butyl group does not have a benzylic 
proton, so it does not react. 
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17.20. (continued) 


. KM LL I2 sa OH7, A coon 


2. 7 Mo  — 


b. Both methyl and isopropyl groups are oxidized to COOH groups. 


NaCrz 07 (xs) c 
———————————- 
acetic acid, ^ HOOC 


1721. In planning the synthesis of benzene derivatives, it is helpful first to consider which groups can 
be readily introduced by electrophilic reactions and which require the use of a diazonium intermediate. 
Other methods are also available, including oxidation, Grignard reactions, and reduction. 


Electrophilic: Br, Cl, acyl, alkyl, NO;, SO;H 
Diazonium: Br, Cl, I, F, OH, CN 
Other: COOH (ArMgX + CO,; oxidation of alkyl or acyl groups) and NH, (reduction of NO;) 


a. Both groups (OH and I) can be attached via diazonium derivatives, but because both are 
ortho/para directors, we cannot start with phenol or iodobenzene. Instead, an amino group will 
have to be placed at each ring position, but not at the same time. By starting with aniline, we can 
prepare n -nitroaniline by using an electrophilic substitution reaction: The strong acid conditions 
protonate the amino group, making it into the ammonium group, which is a meta director. 
Diazotization is used to make the iodo compound from the original amino group. Then the nitro 
group is reduced and converted to the phenol OH group via a diazonium intermediate as well. 


Retrosynthesis 
HO HN l ON NH3 anh 
Synthesis 
Mo OWN NH2 4 HONO,0-5°c OON l 
————— 
Er 2. KI 


"om SnCl; ig 1. HONO (H5S0,), 0-5°C usen 
wd UORUN.. 


b. The cyano group is introduced via use of a diazonium ion. The bromine atom is an ortho/para 
director, so we can nitrate bromobenzene and subsequently prepare the amino group by reduction 
(after separating the ortho and para isomers of bromonitrobenzene). 


Retrosynthesis 


AX — OX edo 
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1721. (continued) 


Synthesis 
O 1. HNO3, H2504 O" 1. HONO, 0-5°C om 
a al — H— —— oo 
Br ZA 2. SnCb, HCI Br ZA 2. CuCN, KCN, A Br 
c. The phenol group is attached via use of the diazonium ion. The bromine atom is an ortho/para 
director, so bromobenzene is first nitrated. After separating the ortho and para isomers of bromo- 


nitrobenzene, the nitro group is reduced to form the aniline derivative. The amino group is 
converted to an OH group via the diazonium ion. 


Retrosynthesis 


Q > OY 2Q 20 
| 
Br Br 
Synthesis 
C 1. HNO3, H2504 oe 1. HONO (H2S04), 0-5°C QA 
——M——— —————————- 
Br 2. SnClz, HCI Br 2. H20, A Br 

17.22. Tomake Alizarin Yellow R, the diazonium ion derivative of p-nitroaniline will be treated with 
salicylic acid. To make p-nitroaniline, aniline must be converted to its acetamide derivative first, 
otherwise the meta isomer will be formed (see the solution to Exercise 17.21a). After nitration, the 


amide is hydrolyzed to form the aniline derivative. Diazotization and coupling with salicylic acid 
produces the desired dye. The starting compounds are shown in color. 


Retrosynthesis 
on Sn, n => on Sonn, + Co 
* d OH 
N E on CO OH 
COOH COOH 
Synthesis 
NH2 N=N 
4. Li (CH3CO)20 | co _1.HONO,0-5°C —— HONO, 0-5°C 
2. HNO3,H2SO4 COS - 
3. H9O*, A COOH 2 


17.23. The mechanism of this reaction follows the same course observed for the para-disubstituted 
analog. The nucleophile reacts at the carbon atom bearing the halogen atom. Elimination of the 
halide ion subsequently regenerates the aromatic system. The intermediate is stabilized by 
delocalization of the electrons within the ring and into the nitro group, as shown in the expanded box 
below. 
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1724. Follow the examples illustrated in the solutions to Exercise 17.5 


a. This compound has an aldehyde group attached to the benzene ring, 
so the parent compound is benzaldehyde. The point of attachment of 
the CHO group defines C1 of the ring. A methoxy group is attached at 
C2, and a fluorine atom is attached at C5. The name is 5-fluoro-2- 
methoxy benzaldehyde. 


b. This compound has no readily identifiable functional group or 
substituent, so we designate as C1 the carbon atom attached to the 
bromine atom. The root word is benzene. Nitro groups are attached at 
C2 and C4, so the name of this molecule is 1-bromo-2,4-dinitrobenzene. 


c. This compound has an OH group attached to the benzene ring, so 
the parent compound is phenol. The point of attachment of the OH 
group defines C1 of the ring. A methyl group is attached at C2 and a 
nitro group is attached at C5. The name is 2-methyl-5-nitrophenol. 


d. This compound has a methyl group attached to the benzene ring, so 
the parent compound is toluene. The point of attachment of the methyl 
group defines C1 of the ring. Two chlorine atoms are attached to the 
ring, one at C3 and one at C5. The name is 3,5-dichlorotoluene. 


e. This compound has a cyano group attached to the benzene ring, so 
the parent compound is benzonitrile. The point of attachment of the 
cyano group defines C1 of the ring. A bromine atom is attached to the 
ring at C4. The name is either 4-bromobenzonitrile or p- 
bromobenzonitrile. 


1725. Follow the examples illustrated in the solutions to Exercise 17 4. 


p-Bromoaniline 
aniline a benzene ring with the NH, group attached at C1 
p-bromo a Br atom attached at C4 of the ring 


b. 23-Dibromo-5-nitrophenol 


phenol a benzene ring with the OH group attached at C1 
2,3-dibromo two Br atoms, one each attached at C2 and C3 
5-nitro a NO, group attached at C5 of the ring 


3-[G)-1-Hydroxyethyllbenzoic acid 
benzoic acid a benzene ring with the COOH group attached at C1 
3-[X] a substituent X attached to the ring at C3 
X 7 substituent (R)-1-Hydroxyethyl 


ethyl 2 carbon atoms; by convention attached through its C1 


1-hydroxy OH group attached at C1 of the substituent chain 
(R)the substituent's chiral center has the (R) configuration 


O3N 


5 
4 
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1725. (continued) 
d. 3-Chloro-2-methylbenzaldehyde 


benzaldehyde a benzene ring with the CHO group attached at C1 are 
3-chloro a Clatom attached at C3 of the ring 2, CH 
2-methyl a CH; group attached at C2 of the ring 

3 CI 

e. m-Nitroaniline NH3 
aniline a benzene ring with the NH; group attached at C1 1 
m-nitro a NO, group attached at C3 of the ring 2 
3 
m NO2 


17.26. According to Hückel's rule, a cyclic compound with an uninterrupted x system that is planar and 
has 4n + 2 electrons will be aromatic. All of the compounds shown below are aromatic, except for the 


cycloheptatrienyl anion in part (c.). 
2- b. 2 c She Doni e. 
my (y ()€o'o 
10 x electrons 


8 x electrons 


6 x electrons 10 x electrons 10 x electrons 


17.27. To assess how reactive an arene is toward electrophilic substitution, look at the substituents 
attached to the ring, and then use the data in Figure 17.10 to evaluate their activating or deactivating 
influences. 


Br CH3 
a. A methyl group is a stronger activating group than a | E | ^ 
halogen atom. ZA ZA 
more reactive 
b. These two xylene derivatives have the same groups CH3 CH3 
attached to the ring, so their activation levels should xv CH3 
be about the same. | ic 
L 3 
same 
c. A chlorine atom is less deactivating than the nitro w^ NO? a El 
we | | 
Pd NA 


more reactive 


on H3 on 


more reactive 


d. A methoxy group is a stronger activating group than a 
methyl group. 


1728. Asubstituent that functions as an ortho/para director is either an alkyl group or has an electron 
pair on the atom adjacent to the ring. Only the aldehyde and ester groups, shown in the boxes below, do 
not function as ortho/para-directing substituents. 


a. b... c... d. e. o Lt. o & o hk 
T / 4 H 4 
“Br:  =OH —N: ] B "0-G “NC 
\— OCH3 CH; CH; 


CHAPTER 17 / THE CHEMISTRY OF BENZENE AND ITS DERIVATIVES 283 


17.29. There are two issues to consider when evaluating the number of isomeric products that may be 
formed: 1) how many unique positions are present; 2) what are the directing influences of the 
substituents. For the isomers of xylene, the numbers of hydrogen atom types attached to the ring are 
three, two, and one, respectively. The dashed lines in the structures shown below represent planes of 
symmetry that exist in each molecule. 


CH3 


The methyl group is an ortho/para director, so there are two possible positions to which an 
incoming electrophile will be directed in the ortho and meta isomers (the hydrogen atoms to be 
substituted are shown in color, above), but only one position in the para disubstituted compound. 
Therefore the simple answer to this exercise is that p-xylene will yield only one monosubstituted 
product. 

Looking at the equations for the reaction of the meta isomer, you can see that m-xylene will 
effectively produce only one isomer because of the constraint that an incoming electrophile can attach 
between two substituents only with difficulty. 


CH3 CH3 CH CH3 CH3 
CH3 NO5* CH3 EN CH3 NO;* EN NO2 
———- * | p — | k 
NO2 
o-xylene NO5 CH3 CH3 
xylene 
CH3 CH3 CH3 Pan 
NO;* NO% 
— + 
CH3 CH3 CH3| - 
m-xylene No, minor 


17.30. Follow the examples illustrated in the solutions to Exercise 17.18. 


a. One substituent on the benzene ring is an ortho/para director and the other is a meta director, but 
each directs the incoming electrophile—NO);* in this exercise—to the same two positions. 


NO» NOs NO» 
us. O CH3 E* EN O CH3 OCH3 
| o,p-director ———> | T 
ZA NA E E 
m-director 
NO2 2 2 


NO NO 
OCH3 Ei oe CY 
—— | * 
F F 


The expected products of this nitration procedure are the ones shown in the following scheme. 


NO; 


NO, NO; 
re (Qu XU 
—— * 
NO, ON 
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17.30. (continued) 


b. Both substituents on the benzene ring are ortho/para directors. Because they are meta to one 
another, each directs the incoming electrophile—NO;* in this exercise—to the same three 
positions. 


OH  O.P-director 


OH OH OH 
E* EN E E 
——— | + + 
ZA 
CH3 CH3 CH3 CH3 
E 
OH OH OH 
ait EN E E 
= " . 
Za 
CH3 CH3 CH3 CH3 
E 


0,p-director 


OH 


Because an incoming electrophile will not attach between two substituents, we can ignore the 1,2,3- 
trisubstituted isomer. The expected products of this nitration procedure are as follows: 


OH OH OH 
NO>* ON 
— + 
CH3 CH3 CH3 
NO2 


c. Both substituents on the benzene ring are ortho/para directors. Because they are ortho to one 
another, each directs the incoming electrophile—NO,* in this exercise—to a different pair of 


positions. 
CH3 CH3 CH3 
H3CO E* H3CO H3CO 
0,p-director —— + 
E E 
0,p-director 
CH3 CH3 


CH3 
H3CO p+ HCO H3CO E 
—— $ 
E 


In a case such as this, the major products will be those directed by the more potent of the 
substituents. A methoxy group is more activating than a methyl group, so those product isomers are 
predicted to be the ones obtained. 


CH3 CH3 CH; 
— " 
ON NO? 


17.31. Follow the examples illustrated in the solutions to Exercise 17.30. 


a. Both substituents on the benzene ring are ortho/para directors. Because they are ortho to one 
another, each directs the incoming electrophile—Br* in this exercise—to an apparently different 
pair of positions. 
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17.31. (continued) 


CH3 Cc 


CH3 " 
E 
0,p-director ————» 


H3 
CH3 
* 
E 
CH3 0,p-director CH3 
CH3 - ^ CHa 
— | * 
fA 
E 
In a case such as this, in which the substituents are identical, the seemingly different product 
isomers are actually equivalent (see the solution to Exercise 17.29). This reaction yields two 


products. 
CH3 CH3 
CH3 Br* L^ CH CH3 
— | + 
A Br Br 


CH3 
E 
CH3 
E (Y^ 


b. One substituent on the benzene ring is an ortho/para director and the other is a meta director, but 
each directs the incoming electrophile—Br* in this exercise—to the same two positions. 


COOH  op-director COOH 


COOH 
CH3 E* CH3 EN CH3 
——— = + | 
E E d 


COOH  m-director COOH COOH 
CH3 e CH3 CH3 
— * 
E E 


The expected products of this bromination reaction are the following: 


COOH COOH COOH 


CH3 Br* EN CH3 EN CH3 
—— | » * | p 
Br Br 


c. Both substituents on the benzene ring are ortho/para directors. Because they are meta to one 
another, each directs the incoming electrophile to the same three positions. 


CI CI CI CI 
z E E 
. E 
0,p-director —— + * 
H3C H3C H3C H3C 
E 
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17.31. (continued) 


op-director Cl CI CI CI 
E* EN E E 
———- | * + 
ZA 
H3C H3C H3C H3C 
E 


Because an incoming electrophile will not enter between two substituents, we can ignore the 1,2,3- 
trisubstituted isomer. The expected products of this nitration procedure are as follows: 


CI CI CI 
O os 
—— * 
H3C H3C H3C 
Br 


1732. Follow the examples illustrated in the solutions to Exercises 17.30 and 17.31. 


a. Both substituents on the benzene ring are ortho/para directors, and they are equivalent. Because 
they are ortho to one another, each directs the incoming electrophile—HSO;* in this exercise—to 
equivalent positions as described in Exercise 17.31a. 


CI o,p-irector 


CI cl 
cl 2 CI E Cl. A. 
——- * 
ZF 
E 


The expected products of this sulfonation reaction are as follows: 


b. Both substituents on the benzene ring are ortho/para directors, and they are equivalent. Because 
they are meta to one another, each directs the incoming electrophile—HSO;°* in this exercise—to 
the same positions, two of which are equivalent because of symmetry (compare this result with the 
one described in Exercise 17.29). 


Br Br Br 
EN E* EN E E 
0,p-director | LÁ | * 
Br ad Br A Br 


Because an incoming electrophile will not attach between two substituents, we can ignore the 1,2,3- 
trisubstituted isomer. The expected product of this sulfonation reaction is the following: 


Br Br 
HSO3* mH 
— 
Br Br 
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17.32. (continued) 


c. One substituent on the benzene ring is an ortho/para director and the other is a meta director, but 
each directs the incoming electrophile—Br* in this exercise—to the same position. 


COCH,  m-director COCH3 COCH3 COCH3 
nE 
E 
CH3 CH3 o,p-director CH3 


The expected product of this sulfonation reaction is the following: 


COCH3 COCH3 
HSO3* 


SO3H 
CH3 CH3 


17.33. A “major product of an electrophilic substitution reaction” means that the predominant directing 
influences of the substituents attached to the ring should activate the position in which the new 
substituent appears in the product. Because ortho/para directors often lead to the formation of more 
than one isomer, we will assume that either one constitutes a major product (in most cases). 

To assess whether a particular compound can be prepared, disconnect a substituent that can be 
introduced as an electrophile (these are shown in color in this exercise and the next). If the remaining 
substituents activate the position from which the substituent was removed, then the synthesis reaction 
should be successful. If not, then treat the problem as the synthesis of an unknown compound and 
consider other methods. 


a. Both the chlorine atom and a nitro group can be attached using electrophilic substitution reactions. 
Disconnect each in turn and decide whether the forward reaction will be successful. Two isomers 
will be formed in each reaction, but either option is viable. 


cl cl cl 


cl cl 
cl cl | Cl M cl cl 
> ` —— ^ * 
ON i H2504 — oN NO 
à; cl 
cl cl | c Cho cl ci 
= | i " 
OoN O2N l OXN FeCl3 OoN ON cl 


b. The OH group cannot be introduced using an electrophilic substitution reaction, but a bromine atom 
can. Because the OH group is a potent ortho/ para director, it will direct the incoming electrophile 
more than the bromine atom will. In this case, the desired isomer should be the only product. 


Br 


Br i 
cr = Jos i O” Br2, FeBr3 oH 
+ —— 
Br Br Br Br 
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17.33. (continued) 


c. Each group can be introduced using electrophilic substitution reactions, but only by introducing the 
nitro group can the desired product be made from a disubstituted benzene precursor. Friedel-Crafts 
reactions cannot have two deactivating groups on the ring. 


Br Br i Br 
: This ring is too deactivated to 
ES i undergo Friedel-Crafts reactions. 
O3N COCH3 O2N i O2N 
' H 
Br Both substituents are meta 
= ' directions, so reactions will occur 
—* ' at the position in color if the ring 
2N COCH3 ON COCH3 | OXN COCH3 isnot too deactivated. 


The only viable option is the following: 


bol “OL | “Ch _HNOs Br 
ON COCH; COCH; | COCH; MO. ON COCH3 


17.34. Follow the procedures outlined in the solution to Exercises 17.33. 


a. The methyl andnitro groups can be introduced using electrophilic substitution reactions. 


CH3 


NO Nv^*wo; | Sno, pu 
CH3 CH3 ! CH3 
oc” oy ejm. HNO3 ud * dii 
> | rt ke J 
NO; SQ us H2S04 


The Friedel-Crafts reactions may work because the deactivating effect of the nitro group will be 
offset by the presence of the strongly activating methoxy group. Aluminum chloride can complex 
with the oxygen atom of the methoxy group, however, which may negate its activating effects. 

Friedel-Crafts methylation is a difficult reaction to control in any case, so the nitration route is 
preferable. Nitrationof o-methylanisole will yield the desired product. 


b. Neither the COOH nor the methoxy group can be introduced using an electrophilic substitution 
reaction, but the nitro group can. Because the OCH; group is a potent ortho/para director, it will 
direct the incoming electrophile more than the COOH group will. Two isomers will be formed, 
including the desired one. 


gom COOH ' COOH COOH COOH 


* 
H3CO g H3CO mE H3CO H3CO 
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17.34. (continued) 


c. The methyl group and chlorine atom can be introduced using electrophilic substitution reactions. 
The substituents are all ortho/para directors, however, so the desired isomer will not be formed. 


ci ci ci CI 

d 
jeu O OPA 
H3C cl — Hc^ H3C cl cl 


Instead, an amino group is used to direct the introduction of the chlorine atoms, and it is 
subsequently removed via its diazonium derivative. 


cl cl 
m Cl; NH2 4 HONO, 0-5°C 
———- ————————— 
HaC FeCl — quc CI 2. H3POP H4C CI 


1735. Thenitrosogroup has anunshared pair of electronson the atom adjacent to the ring, which is the 
common feature of most ortho/para-directing substituents. Draw the resonance structures according to 
the procedures outlined in the solution to Exercise 17.15. The ones in the boxes contribute added 
stability to the cationic intermediate. 


c2 :N-O *N-O :N-O :N-O 
H E H E H E H E 
`H q ^H => SH << *H 
H H H H H H H H 
H H H H 
C4 :N-O *N-O :N=0 :N=0 
H H H H H H H H 
=> => <=> 
H H H H H H H H 
H E | HE | H E H E 
c3 N-O N-O N-O 


—H 


=x I 
» 
j 
I Ir 
m^ Ye 
j 
I I 

I 


H H H = 


Nitrosobenzene differs from nitrobenzene because the nitroso group has an electron pair adjacent to the 
ring whereas the nitro group has a positive charge on the atom adjacent to the ring. 


o- 
+ N-O 


=N=O 
H H H H 
H H H H 
H H 
17.36. Styrene reacts with sulfuric acid to form the stable benzylic cation (step 1), which can undergo 
Markovnikov addition to the x bond of another molecule (step 2). 
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17.36. (continued) 


^ © 


This second carbocation is subsequently intercepted by the benzene ring of the first unit in a Friedel- 
Crafts alkylation sequence. 


H H CH3 
| S “CHa “CHa H20 "cH 
2 
a + — - —LT- = 
+f ©) - on m / (à) T 
H H H | » " H H Ff 
egg uif - 


1737. In the Gattermann-Koch reaction, carbon monoxide, HCl, and aluminum chloride react to form 
the formylcation stabilized by complexation with the tetrachloroaluminate ion. 
+ + H 
020:5 Hlo ~ ACs  ————— | :0-C—H + AO ~p Je "= ClAICS" 
«o 
This cation subsequently reacts with toluene by the sequence that takes place in any Friedel-Crafts 


acylation reaction: The cation is intercepted by the benzene ring (step 2), and the cationic intermediate 
is converted to the aromatic product by deprotonation (step 3). 


V Tha o7? 
C+" CIAICI37 — + AIC 
, © 
He] CH H CH3 
E. E E 
[9] \ [0] 
+ AICI4- —á— + HCI + AICh 
H CH; ‘© H CH3 


(Only the para isomer of the product is shown in the preceding equation, but the methyl group is an 
ortho/para director, so the ortho isomer is also formed.) 


17.38. Iodosuccinimide has an electrophilic iodine atom, so its reaction with an activated benzene 
derivative follows the normal two-step process, namely reaction of the arene with the electrophile 
(step 1) and regeneration of the aromatic ring (step 2). 


OCH3 o OCH3 i o OCH; ; o 
iC a- | ZU ] — + H—N: ] 
eO — © y 


CH3 o CH3 o CH3 o 
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17.39. Follow the examples illustrated in the solutions to Exercise 17.13. 


a. 


An alkyl aryl ketone can be prepared by the Friedel-Crafts acylation reaction. With a methyl 
group on the ring to start, both ortho and para produds will be formed, but the para isomer should 
predominate because the two substituents are relatively large. 


Retrosynthesis Synthesis 


cr 5 To E =. 1- CHGCOCL AICI, COCH3 
* 
H3C H3C e On H3C 


(+ ortho isomer) 


A benzene derivative with a primary alkyl group as a substituent can be prepared by the Friedel- 
Crafts acylation reaction followed by reduction. An acyl group is a meta director, so the bromine 
atom is attached by an electrophilic substitution reaction at that stage of the synthesis. 


Retrosynthesis 
CH2CH2CH3 COCH5CH;3 COCH3;CH; 
Synthesis COCH,CH3 COCH,CH3 CH3CH 5C H3 


1. 1. CHSCHICOCLAICE AIC fno 
2. 2H  -— Feary 


Sulfonic acid derivatives of benzene can be prepared by direct sulfonation. To obtain a reasonable 
amount of the ortho isomer, the para position should be blocked with a meta director. The nitro 
group will serve this purpose, and it can be removed via reduction of a diazonium derivative. 


Retrosynthesis 
SO3H SO3H 
CH3 L^ CHs CH3 CH3 
Selo. Vk S 
H2N O3N 
Synthesis SO3H SO3H 
[y 1. HNO3, H2SO4 CH3 4 HONO, 0-5°C Cm 
———— —— Ba —MÓ— sn a 
2. H2804 HN 2. H3PO2 


3. H5, Pd/C 


The carboxylic acid group can be prepared by oxidation of an alkylbenzene derivative. The 
subsequent nitration of benzoic acid yields the desired isomer. Benzoic acid can also be prepared 
from benzene by bromination, formation of a Grignard reagent, carboxy lation, and hydrolysis. 


Retrosynthesis 
coo COOH CH3 


2 O 2G 


NO2 
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17.39. (continued) 


Synthesis 
CH3 COOH COOH 
P 1. KMnO4, OHT C$ HNO3, H2504 
— p ————— 
2. H30* 
NO» 


17.40. The first step is to summarize the reactions described in this exercise: 
HNO 3, H2SO. Zn, HOA Br» (xs 
3, H2S04 Y*2 n c PR 2 (xs) Q*T 
C7H7Br C7H¢BrNO2 C7HgBrN C7H7BroN 


Next, consider the possible structures for compound X, which based on its formula, is a bromo derivative 


of toluene. 
cr 0 nm ad on 
Br 


You are told that nitration of X yields two isomers of its nitro product, and the possible structures can be 


predicted: 
CH3Br x CHBr CH3Br 
— | Y 
Z/^'NO,;  OjN 


Br 


Br Br Br Br 
CH3 CH3 CH3 ON EN CH3 CH 
—> + + | + 
NO2 O2N A 
NO; 
Br CH3 Br CH3 Br CH3 
12 —- EE 9 he 
NO2 ON 
CH3 CH3 CH3 
ELT —-— O * 
Br Br NO2 Br 


From these predictions, we eliminate o-bromotoluene from consideration because it can form four 
possible nitration products. 

Reduction of the nitro groups yields aniline derivatives P and R (replace the nitro groups with 
amino groups in the foregoing structures). You now only need to consider which of the aniline compounds 
will react with excess bromine to form products having only two bromine atoms. Remember that an 
amino group is highly activating, so any open positions that are ortho and para to the amino group will 
be substituted if excess bromine is added. 


GT JO Bros) CHBr CH3Br 
NH3 CX. : P 2 


Br j Br 
P 4 R \—— 
mu 
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1740. (continued) 


Only the meta isomer undergoes bromination to form dibromo products. Therefore, compound X is m- 
bromotoluene. 


Br CH Br CH Br CH Br CH 
OL DO coL D^ 
— Mao * 
NH2 H2N NH2 H2N 
Br Br 
P + R ym 
C7H7Br2N 


+ 


D 
z o 
T aia 
N w 
+ 
[ss] 
g 
O 
I 
w 
w 
E 
* 
LA 
o s 
z o 
ds s 
N w 
+ 
go 
ies) o 
= b 
w 


C7H6Br3N 


17.41. The diazotization reaction of anthranilic acid is straightforward and yields the diazonium ion 
substituent ortho to the carboxylic acid group. A base (chloride ion as shown; or water) starts the 
movement of electrons that leads to formation of carbon dioxide and molecular nitrogen, which 
generates benzyne. 


"NZN: 
NH» — uoNo ama cr 
|| ——» y 2 ——- | + HCI + CO? + N2 


eH 
[9] 


1742. The reactions described in this chapter can be classified within three categories: electrophilic 
substitution reactions, diazonium reactions, and other. To predict the structures of the products in each 
of the following transformations, you must know the details of each reaction type, which can be found 
in the reaction summary section of the chapter. Every product molecule is achiral. 


a. The first step of this transformation is a Friedel-Crafts alkylation reaction that attaches an 
isopropyl group to the ring. Chlorine is an ortho/para director, so two isomers are formed. The 
second step leads to the oxidation of the isopropyl groups to carboxylic acid groups, so the product 
comprises a mixture of o- and p-chlorobenzoic acids. 


f S 1. i-C3H7Cl, AICI, qu Mo 
ss + 
CI 2. K2Cr207, H2SO4, A CI CI 
b. This transformation is an electrophilic sulfonation reaction and the ethyl group is an ortho/para 
director, so two isomers are formed. 


SO3H 
H2S804, SO5, ^ 
CH;CH, ————À—— CH CH3 + HO3S CH3CH; 
c. This is a diazonium reaction in which a chlorine atom replaces the amino group 


HOOC 1. HONO, 0-5°C HOO. 


— —" 
NH> 2. (CuCl)2, KCI, A « pel 
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1742. (continued) 


d. 


The first step of this transformation is a reduction reaction that converts the nitro to an amino 
group. Next, the diazonium ion derivative is prepared. Boiling water reacts with an aryl 
diazonium ion to form a phenol. The overall procedure converts the nitro group to a hydroxyl group. 


i po i 1. H2, Pd/C OH 
a ———— ————————» 
2. H2SO4, NaNOo, 0-5°C z 

Hae CH3 3. H20, A H3C CH3 


This electrophilic chlorination reaction will yield two isomers. The acyl group is a meta director, 
and the alkyl group is an ortho/para director. This reaction is similar to the one shown in Exercise 


17.18a. 
o o o 
Li Cla, AICI3 cl 1335 Co 3 
—————— + 
CI 


This transformation is an electrophilic nitration reaction. A methyl group is an ortho/para 
director, and the cyano group is a meta director, so the same positions are activated. Because of 
symmetry, only one product is formed. 
NC NC 
X HNO3, H2SO4 diy 
———— 
V 4 ky 
CH3 CH3 
This transformation is an example of a nucleophilic aromatic substitution reaction. A halogen atom 


ortho or para to a nitro group is replaced by a nucleophile (OH?) in the first step. In the second step, 
the nitro group is reduced to form the amino group. 


1. NaOH, H0, A F 
2. SnCl2, HCI — 
This transformation is an example of the Friedel-Crafts acylation reaction. Both the methyl group 
and the bromine atom are ortho/para directors, so two isomers are formed. 
H3C ADS COCI H3C 


( ) [e] CH3 
s 1. AIC V. / ] 
Br NS 
2. H30* A 
I Br 


This transformation involves two electrophilic substitution reactions. The bromine atom is an 
ortho/para director, so two isomers of the sulfonation product (step 2) are formed. 


AS — 1 Br FeBr; ( SB Br sr 
|l — l mas * 
MA — 2. H)S0,, SO}, ^ S HOS SO;H 


The first step of this transformation is an example of nucleophilic aromatic substitution. The nitro 
group is then reduced to form an amino group, and diazotization and reduction replaces the amino 
group with a proton. 
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1742. (continued) 
1. NaOCH3 


ci V-wo, 2. SnCl2, He! iio 
= 3. HONO, 0-5°C 
H3CO 4. H3PO5 H4CO 


1743. NO' is anelectrophile that is formed from HONO. Asanelectrophile, NO* will react with the 
x electrons of an activated aromatic ring (step 2). Regeneration of the aromatic system completes the 
substitution mechanism. 


HONO + HCl === H20 + NO! + CIF 


& N(CH3)2 H N(CH3); s H N(CH3)2 
ac Pa. WS | 
Q a © on 


H 


17.44. Follow the procedure outlined in the solution to Exercise 14.23. 


(1) Examine the "C NMR to determine the number and types of carbon atoms present. There are three 
types (C-O, arene, and aliphatic) consisting of nine peaks. Start with the assumption that the 
compound has 9 carbon atoms (six for the benzene ring plus three others). 

(2) Examine the integrated intensity values in the proton NMR spectrum. The total is 10 (1:1:1:1:3:3, 
left to right). Start with the assumption that the compound has 10 hydrogen atoms. 

(3) Use the high-resolution data to determine the molecular formula with the initial assumption that 
there are 6 C atoms, 10 H atoms, and some number of oxygen atoms. For C4H340,, the calculated 
high resolution MW is 166.063 (observed MW = 166.068). This formula is consistent with the data. 

(4) Calculate the number of unsaturation sites: [2(9) + 2 — 10]/2 — 5 sites of unsaturation, four of which 
are the benzene ring. The carbonyl group (identified instep 1) is the fifth site. 

(5) Examine the IR spectrum. The strong absorption at 1700 cm? is attributed to a C-O stretching 
vibration (ketone or aldehyde) that is conjugated with the double bond. The carbonyl resonance in 
the PC NMR spectrum indicates that this carbonyl group is an aldehyde (1 H attached). The 
proton NMR spectrum also shows a signal for the aldehyde proton. The proton NMR data are 
summarized as follows. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
10.4 1 CHO singlet 0 
7.30 1 ArH singlet 
7.15 1 ArH doublet 1^ —* 1,24 substitution 
6.90 1 ArH doublet a 
3.90 3 OCH3 singlet 0 
3.80 3 OCH3 singlet 0 


There are three ways to arrange the groups on a 1,2,4-trisubstituted benzene ring, and these are as 
follows: 
Ha Ha Ha 
H3CO CHO H3CO OCH; OHC OCH3 


Hp OCH3 Hp CHO Hp OCH3 
H He 
I I IH 
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1744. (continued) 


To differentiate among these isomers using the chemical shift data is not trivial. We can rule out 
isomer II because H, is between two strongly activating groups, so it should be shifted significantly 
upfield from 67.25. This is not the case however; in fact the signal for H, is slightly downfield from 6 
725. To evaluate structures I and III, it is necessary to know that the signal for a proton ortho to a 
carbonyl-containing substituent is farther downfield from 6 7.25 than are signals for a proton that is 
para to a carbonyl group. Structure III has two protons ortho to the aldehyde substituent, whereas 
compound I has only one proton ortho to the CHO group. Because only one signal in the aromatic region 
is downfield from à 7 25, we would choose structure I. (In fact, the proton NMR spectrum for compound III 
does have two signals downfield from 67.25.) 


1745. The splitting patterns observed for benzene protons in a proton NMR spectrum are dominated by 
coupling with other protons that are ortho to the one giving the signal. This spectrum has aromatic 
protons, and the integrated intensity value of 4 (total) indicates that the ring is disubstituted. The 
observation of two doublets and two triplets means that the ring is ortho disubstituted (Figure 17.5). 

Subtracting the atoms of the disubstituted benzene fragment (C,H,) from those in the molecular 
formula (C;H;BrN) leaves Br and NH,, which constitute the two substituents. 

The amino group is a strongly activating group, so the signals assigned to the protons ortho and para 
to the amino group should be upfield from 6 7.25, as they are. Protons ortho and para to the bromine 
atom should be around 6 7.25 (slightly upfield or downfield) since this substituent is a weak 
deactivator but an ortho/para director. 

The protons of the amino group generate the broad peak that appears at approximately 53.8. 


87.05, 1H, triplet — X Ha” N 5675, 1H, doublet 
Hp NH2 
\ — 83.8, 2H, broad 
Hc Br 
2.6.6, 1H, tipet e aut Hy “> 87.4, 1H, doublet 


17.46. The appearance of a sizable M + 4 peak in the mass spectrum of a compound usually means that 
two halogen atoms are present. We know from the proton NMR spectrum that a trisubstituted benzene 
ring is present, and we also know that the molecule contains nitrogen, because the MW is an odd number. 
We can also surmise, based on the positions of the resonances, one of which is significantly downfield 
from 67.25, that a nitro group is present. Adding the masses for the principal isotopes of C,H, and NO, 
gives 121, which is 70 less than the molecular mass of 191. With this assumption, we conclude that two 
C1 atoms are also present to account for the mass of the molecular ion. 

Looking at the splitting patterns of the peaks in the proton NMR spectrum reveals that the ring is 
1,2,4-trisubstituted (Figure 13.12). There are three ways to arrange a nitro group and two chlorine 
atoms in this substitution pattern, and they are as follows: 


Ha Ha Ha 
Hp cl Hp cl Hp NO, 
ON CI cl NO; CI CI 
Hc Hc Hc 
I II III 
Proton H, will appear as a singlet because there is noother proton ortho to it; but in structures I and I, H. 


is ortho to the nitro group and should appear farthest downfield. Therefore, we can conclude that this 
unknown compound is 2,4-dichloronitrobenzene (III). 


Solutions to Exercises for CHAPTER 1 8 


NUCLEOPHILIC ADDITION REACTIONS 
OF ALDEHYDES AND KETONES 


184. Cyanide ion is a good nucleophile, and it adds to the ketone carbonyl group by reacting with the 
electrophilic carbon atom (step 1). The resulting alkoxide ion reacts with HCN, forming the 
cyanohydrin derivative of acetone and regenerating cyanide ion (step 2). 


(0) es 
NC O- NC OH 
| > CN" \f eye 7 : 
C itas À C H^ CN C * CN 
H4C^ CH H4C^ ~CH i H4C^ "cH 
oY WM (1) 3 3 (2) : 


18.2. Recall from Section 3.2a that cyclopropane rings are highly strained. Even with bent bonds, the 
internal 2C-C-C values are approximately 102°, which is compressed from the normal value of 109.5° 
expected for a carbon atom with sp? hybridization. If a carbonyl group is present in a three-membered 
ring, then the disparity between the theoretical (120°) and actual (102^) bond angles is even greater. 
By reacting with water, the carbonyl carbon atom changes from sp? to sp? hybridization, which relieves 
some of the strain energy associated with having a small ring along with an sp?- hybridized atom. 


OH 
c=0 i c^ 
= ———— s 
N f~ 
OH | 
102° 
20 109° i. 


e pers en 5^ 
120 ( c—o 109? ( c 
. LN The bond angle at each vertex of 
OH a cyclopropane ring is about 102°, 
The bond angles around unconstrained carbon atoms with which is closer to 109? than to 
sp? and sp? hybridization are 120° and 109°, respectively. 120°. 


183. Markovnikov addition of water to the double bond of 1-bromocyclohexene occurs by protonation of 
the x bond (step 1), followed by reaction of a water molecule at the electrophilic carbon atom (step 2). 


xm ^ Br 
Br " * Br a 
CY à > H30 OR La H5O Qu 
—- —————»- * 
CU V "H 2) \ CH 


Removal of a proton from the cation intermediate yields a geminal bromohydrin (step 3). Such species 
are unstable and readily lose HX (HBr in this case) to form the ketone product (step 4). 
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183. (continued) 


o 
OH m. H20 tle, 
l cag 


18.4. Organometallic reagents undergo addition with the carbonyl groups of ketones and aldehydes: 
The R group of RLi or RMgX attaches to the carbon atom of the original carbonyl group, and the metal 
ion becomes associated with the oxygen atom. The corresponding alcohol is the product after aqueous 
acid workup. For both of the reactions in this exercise, a new chiral center is created by the addition 
process, so a racemic mixture of products is obtained. 


LOT Ph HO Ph 
"o — sn — "m H — x T p racemic 


\ \ 
\— —— O- *MgBr : 
[ [9] — | — > racemic 
~ ~ CH2CH3 CH2CH3 


18.5. An alcohol molecule is the product expected from the reaction between a metal hydride reagent 
(LiAlH, or NaBH,) and the carbonyl group of an aldehyde or ketone. Both carbon and oxygen atoms of 
the original carbonyl group obtain a hydrogen atom during these reduction reactions. An aldehyde 
forms a primary alcohol, and a ketone forms a secondary alcohol. For the reactions in this exercise, a 
new chiral center is not formed, so the product molecules are achiral. 


ioe — nee 


18.6. Unsymmetrical ketones in which the carbonyl group is attached to a large group (usually an aryl 
ring) and a small alkyl group can be reduced enantioselectively using the oxazaborolidine reagents 
described in the text. As noted in Example 18.1, the (S,S) reagent yields the (R)-alcohol when the aryl 
group has a higher Cahn-Ingold-Prelog priority than the alkyl group, which is the case for both of the 
substrate molecules in this exercise. 


HO H 


oo — co 
o^ — d 
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18.7. Unsymmetrical ketones in which the carbonyl group is attached to a large group (usually an aryl 
ring) and a small alkyl group can be reduced enantioselectively using the Noroyi catalysts described in 
the text. The (S,S) reagent yields the (R)-alcohol when the aryl group has a higher Cahn-Ingold- 
Prelog priority than the alkyl group. In this reaction, the alkyl group has a higher priority than the 
phenyl ring, so the (R, R) reagent will produce the (R)-alcohol. 


o H OH 

~ A och wA. L0CHs 
| o = | (R) 
fm fm 


18.8. The Friedel-Crafts acylation of benzene with benzoyl chloride yields benzophenone. 
Clemmensen reduction of this ketone produces the hydrocarbon diphenylmethane. 


[9] 
1. Aci € -cocci SAA Zn(Hg) 
Duet EU Oe 
2. H30* fA fA HCl 
Considering a retrosynthesis of diphenylmethane that works back to bromobenzene and benzaldehyde, 
we consider that the starting material will likely be used in the Grignard reaction, the product of 
which will be the corresponding alcohol. A benzylic alcohol can be deoxygenated by hydrogenolysis 


(Section 12. 2a). The retrosynthesis and synthesis (starting compounds are shown in color) are as 
follows: 


Retrosynthesis 


OH 
ono>-co-an”"a 
+ 
= = a EL NA =a =a 
OH 


Synthesis 1. Mg, THF 


18.9. Chromium and manganese-based oxidants that function in aqueous solution will convert 
aldehydes to carboxylic acids. The same types of oxidants in non-aqueous solvents do not oxidize 
aldehydes. Ketones are inert to oxidation by these reagents under most conditions. 


a. Aqueous permanganate ion is potent enough to oxidize aldehydes. This reagent is used in basic 
solution, so the carboxylate salt is the first product, which yields the carboxylic acid after acid 
workup. 

CH3 CH 


3 CH3 
/ KMnO, / H40* { 
^7CHO ——————» “cook: ——— Gu 
OHT, H20 


b. Chromiumoxide in pyridine and dichloromethane will convert primary alcohols to aldehydes, but 
it will not oxidize the aldehyde product further. 


CH20H  CrOs, CH2Cl2 CHO 
m 
UT == i 
c. Ketones are inert to reactions with chromium and manganese-based oxidants under most conditions. 


CH3 K35Cr 07 
Ape a we 
\ | ~CH3 H30 
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18.10. The Baeyer-Villiger reaction occurs when a ketone or aldehyde is treated with a peracid. The 
product is the ester formed by inserting an oxygen atom into the bond between the carbonyl group and 
the substituent that is more highly substituted (aryl groups migrate more readily than alkyl groups). 
If the migrating group is chiral at the atom attached to the carbonyl group, it will migrate with 
retention of configuration, although neither of these substrate molecules is chiral. A cyclic ketone 
undergoes ring expansion. 


a. oO b. o Ü fe) 
CF 3CO 3H O. ,CH CF3C 03H Y 
CH3 Pad TE cL LR ad 3 — > | 
[o] AN 


18.11. Follow the procedure outlined in the solution to Exercise 1.34. 
a. (Z)3-Chloro-2-pentenal 


pent 5 carbon atoms - 
en a double bond at C2 
al aldehyde functional group; its presence ~ Acro 
defines C1 of the carbon chain Jet 
3-chloro a Cl atom is attached at C3 
(Z) the higher priority groups at the ends of the 
double bond are on the same side 
b. 2-Bromo-3-nitrobenzaldehy de CHO 
benzaldehyde the aldehyde derivative of benzene; the attachment 1 Br 
point of the CHO group defines C1 of the ring 2 
2-bromo a Br atom is attached at C2 ( T 
3-nitro a NO, group is attached at C3 V NOS 


c. (R)-3-Phenyl-4-pentene-2-one 


pent 5 carbon atoms 

en a double bond at C4 

one a ketone; the carbonyl group is at C2 
3-phenyl a CoH; group at C3 

(R) the configuration of C3 is (R) 


d. 44-Dimethyl-2-cyclopentenecarbaldehy de 


cyclopent 5 carbon atoms in a ring 1 ,CHO 
en double bond starting at C2 "T dun dd 
carbaldehyde an aldehyde group is attached to the ring; x. 

its point of attachment defines C1 EU 


4,4-dimethyl two CH; groups at C4 


18.12. Follow the procedures outlined in the solution to Exercises 13.21 and 13.22. 


a. This molecule has four types of protons: a methyl group, a methylene group, an alkene proton, and 
an aldehyde proton. The aldehyde and alkene protons are three bonds apart and will couple with 
each other, producing a doublet signal with an intensity value corresponding to 1H. The ethyl 
group should manifest itself as a quartet and triplet (intensity ratio 2:3). The chemical shift 
values for the protons are estimated using the data in Table 13.1 and Figure 13.3 and are 
approximate.) 

The carbon NMR spectrum should have the signals shown; these are estimated by using the 
data in Table 134. 
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18.12. (continued) 


Proton NMR spectrum (3) 
(2) 
CI [0] (1) (1) TMS 
| Il 
Cy e | | | 
CH3CH2/ "C^ ^u \ ill | 
T TN T T T T T T 1 
H 6 10 6 4 2 0 
13C NMR spectrum 
CH; 
CH CH, | DEPT spectrum 
CH c | 
| | broad-band spectrum 
| | | | T | | | | [ | | | 
6 200 150 100 50 0 
C-O Alkene Aliphatic 


This molecule has only aryl and aldehyde protons. Spin-spin splitting will occur only between the 
protons attached to the benzene ring, and the pattern will consist of two doublets and a triplet 
(Figure 13.12). Because all of the substituents on the ring are electron-withdrawing, the aryl proton 
signals will appear downfield from 57.25 (Section 17.3g). 

The carbon NMR spectrum should have the signals shown; these are estimated by applying the 
data in Table 13.4. 


Proton NMR spectrum 
(1) (1) 


CHO (1) 
H Br (1) | | TMS 
= NO; Wp 
H 6 10 9 8 7 2 0 
1 
3C NMR spectrum c 
CH DEPT spectrum 
foc 
CH 
| | | | broad-band spectrum 
[ | | | | | T | | T | | | 
6 200 150 100 50 0 
c=0 Arene 


18.13. Follow the procedure outlined in the solution to Exercise 1.32. 


a. 


This compound is a ketone with three carbon atoms in the chain, 
which has no double or triple bond: prop/an/one = propanone. 


o 2 

The principal functional group (ketone) is at C2. The AA. > 
substituent (cyclopentyl) defines the order of numbering so as to ‘ = 
give it the lower number (1 instead of 3). The name of this 3 1 


molecule is 1-cyclopentyl-2-propanone. 
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18.13. (continued) 


b. This compound has sevencarbon atoms in a chain without double 
or triple bonds. There are two functional groups, one of which 
(aldehyde) has to be at the end of the chain. The ketone can be H 
anywhere in the chain. Numbering starts with the aldehyde CN re 
because that gives a lower set of numbers (1 and 5 versus 3 and 7): fe] fe) 
hept/an/al - heptanal. 

The ketone functional group is not the principal one, so it is 
treated as a substituent at C5 using the prefix oxo. The name of 
this molecule is 5-oxoheptanal. 


c. This compound is a ketone with four carbon atoms in the chain, 


which has no double or triple bond: but/an/one - butanone. S mn 
The principal functional group (ketone) is at C2. Two ; idi 
methyl groups are attached at C3, and a phenyl group and 1 z udis 


chlorine atom are attached at C4, creating a chiral center. The 
name of this molecule is (S)-4-chloro-3,3-dimethyl-4-phenyl-2- 
butanone. 


18.14. Ketones reacts with a variety of reagents by undergoing addition of nucleophiles to their carbon- 
oxygen double bonds. The benzene ring of 1-phenyl-1-propanone (propiophenone) is also susceptible to 
reactions with electrophiles as described in Chapter 17. 


a. The combination of Zn(Hg) and HCl constitutes the Clemmensen reduction, which converts a ketone 
carbonyl group to a methylene group. 


[e] 
A Zn(Hg) 
fm 


b. The reaction of NaBH, in aqueous ethanol with a ketone results in formation of the corresponding 2° 
alcohol. A new chiral center is formed, so the product comprises a racemic mixture. 


[9] OH 
NaBH4 
| b — CY * racemic 
fA aq EtOH 
c. The benzene ring will undergo nitration when treated with nitric and sulfuric acids. The ketone 
group is a meta director. 


[e] (0) 
HNO3 ON 
— 
H3SO, 
d. The reaction of LiAlH, with a ketone results in formation of the corresponding 2° alcohol after 
hydrolytic workup. Anew chiral center is formed, so the product comprises a racemic mixture. 


oO OH 
1. LiAIH 
CY NR, (y racemic 
2. H30* a 
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18.15. A general method for making aldehydes is by oxidation of the corresponding primary alcohol 
molecule. Hydroboration and substitution reactions can be used to make 1° alcohols that are 
subsequently oxidized. Ozonolysis is a good way to make an aldehyde if the starting material can be 
converted to an alkene and has more carbon atoms than the desired product. 


a. From1-butanol: oxidation of a primary alcohol 
[9] 


CrO3, pyridine, CH2C 12 
AD^ oH e SS Pm 


b. Fromi1-bromobutane: substitution to make a primary alcohol followed by oxidation 


[0] 
1. KOH, DMSO 
A77 Br ————— 
2. CrO3, pyridine, CH2Cl2 


H 


c. From1-butene: hydroboration followed by oxidative hydrolysis and oxidation 


[9] 
1. BH3, THF 


“ND ——————————— 
2. H202, OH™ 
3. CrO3, pyridine, CH2Clo 


d. From1-pentene: ozonolysis followed by reductive workup 


[9] 
1. O5 
Vw ——————- Peo + CH20 
2. Zn, H20 


18.16. For the synthesis of many molecule types, the alcohol functional group defines a logical place at 
which to make a disconnection in a retrosynthesis. If the synthetic goal has a ring as part of the carbon 
skeleton, consider ways to include the ring within one of the starting materials. For instance, benzene 
derivatives are often made using the phenyl Grignard reagent. Several ways to prepare each molecule 
can be conceived; only one route for each is given. The starting compounds are shown in color. 


a. This secondary alcohol molecule can be made by the Grignard reaction with an aldehyde. 


Retrosynthesis 
OH " o 
r 
OT 906^ 
Synthesis OH 
Br 1. Mg, THF 
oa 
( 3 
25. 
AS 


b. This tertiary alcohol can be made by the Grignard reaction with a ketone. 


Retrosynthesis 


OA » (gt. A 
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18.16. (continued) 


Synthesis 
2i OH 
EN Br 1. Mg, THF 
| fm 2 9 
3. H30* 


c. This tertiary alcohol can be made by the Grignard reaction with a ketone, but in this case, the 
aldehyde group must either be protected or created after the Grignard reaction has been 
accomplished. Ozonolysis is used to make the aldehyde from an alkene. 


Retrosynthesis 
OH 
o 
ie > a Br SF 
Synthesis OH OH 
1. Mg, THF ZA 1.03 CHO 
Br7 4 NF i 
2. ( yo 2. Zn, H20 


18.17. In the pinacol rearrangement, 2,3-dimethyl-2,3-butanediol (pinacol) reacts with acid and is 
protonated at one of its equivalent OH groups (step 1). Dissociation of a molecule of water (step 2) 
yields a carbocation, and a methyl group migrates to generate the more stable hydroxy-substituted 
cation (step 3). Deprotonation yields pinacolone, 3,3-dimethyl-2-butanone (step 4). 


2,3-Dim eth yl-2,3-butandiol 


H3C OH HsC, OH H3C OH 
"7 H2S04 - H20 
e Chis ae ees. C Gih —RL2— C. + „CH3 
ne” Cu © Hyc^ "c^ (3) Hye ot 
JN /e | 
HaC OH HaC *OH2 CH3 
ati - 
H3C OH 9 pane." i 
HSO4^ 
Le~ s Cis ——»- PS VU cs, PW aL ie: HB 
HaC C (3) HaC C © HaC c 
| /N FY 
CH3 H3C CH3 HaC CH3 
resonance stabilized 3,3-Dimethyl-2-butanone 


18.18. The reactions described in this chapter comprise addition, reduction, and oxidation processes. To 
predict the structures of the products in each of the following transformations, learn the details of each 
reaction type, which can be found in the reaction summary section of the chapter. It is also important to 
know which reagents do not react with aldehydes and ketones. 


a. This transformation involves an addition reaction between a ketone and a Grignard reagent to form 
a 3° alcohol molecule. A new chiral center is formed, so the product is a racemic mixture. 


o HO, CH; 


EL. NEM 
C) racemic 
72. Ni CH (aa) NH4CI (aq) 
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18.18. (continued) 


b. 


Ketones do not undergo addition reactions with organocuprates, but organoiodides react via 
substitution. The ethyl group of the organocuprate reagent replaces the iodine atom of the reactant. 


1: Li2CuC N(CH 2C H3)? ; 
H3C —  — — Dua H3C achiral 
l 2. H30+* CH2CH3 
o oO 


This transformation is an addition reaction between an aldehyde and a Grignard reagent. The 
product is a secondary alcohol. A new chiral center is formed, but the starting material has a 
chiral center to start, so the product comprises a mixture of two diastereomers. 


á 1. CgHsMgBr 


“SX Sco ——————— mec ae Yo 
2. H30* 


H3C H H3C H 
diastereomers 


Aldehydes react with HCN and the cyanide ion to form cyanohydrins. A new chiral center is 
formed, but the starting material has onechiral center to start, so the product comprises a mixture 
of two diastereomers. 


A A OH A OH 
-|7—.,—CHO HCN, CNT zi (es Hu + a iaz: ey diastereomers 
" —————— CN * H 


Ketones and aldehydes react with sodiumborohydride to form alcohols. The product is achiral. 


H _NaBH4 
GH20H achiral 
o o aq EtOH 


Ketones (aryl ketones in particular) are reduced completely when treated with amalgamated zinc 
in hydrochloric acid. The carbonyl group is converted to the methylene group. 


(0) 


Ee Zn(H ) CH3CH35CH3CH3 
X CH;CH;cH, —— M0 X nd 
CH HCI (aq) CH3 


3 


Ketones are formed from secondary alcohols upon treatment with most types of oxidizing agents. 


HO [9] 
ra : AN _ ee Fe ee achiral 


This transformation involves the addition reaction between an aldehyde and a Grignard reagent to 
form a secondary alcohol molecule. A new chiral center is formed, so the product is a racemic 


mixture. 
H OH 
V/ 


CHO C. 
1. CH3CH2C H2MgBr *~CH2CH2CH3 racemic 
2. H30* 
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18.18. (continued) 


i. Aldehydes are oxidized to carboxylic acids by a variety of chromium and manganese reagents in 
aqueous solution. 


An ait 1. KMnO4, OH” os à 
CHO —_— COOH achiral 


2. HgO* 


j Ketones react with peracids to form esters in a transformation called the Baeyer-Villiger reaction. 
The migration aptitude of the carbon-containing substituent follows the order, aryl > 4° > 3° >2° > 
1° carbon atom. 


Lary Js. achiral 
Hi o 


F O F 


18.19. The reaction between a ketone and a peracid constitutes the Baeyer-Villiger reaction, which 
yields an ester as the product. The migration aptitude of the carbon-containing substituent follows the 
order, aryl > 4° >3° >2° > 1° carbonatom. A chiral center migrates with retention of configuration. 


a. Di adio b. ~ ~ e CH3 d 
CO > NS QY JNT aE d mn Le 


18.20. When the cyanide ion is present with a ketone or aldehyde moleaule, the nucleophilic carbon 
atom of CN” reacts with the electrophilic carbon atom of the carbonyl group (step 1). The silicon- 
cyanide bond is weaker than a silicon-oxygen bond, so the alkoxy group reacts with 
cyanotrimethylsilane to displace the cyanide ion and form the trimethylsilyl derivative of the 
cyanohydrin (step 2). The cyanide ion is thereby regenerated and so fulfills its role as a catalyst in this 
transformation. 


e Nc ui. (* NC. OSi(CH3)3 


4 —- I nage ee M ld CN" 
——. + 
© © 


a. Fluorine has an extremely high affinity for silicon. Therefore, the reaction of a trimethylsilyl 
cyanohydrin with HF leads to removal of the trimethylsilyl group and protonation of the oxygen 
atom. A cyanohydrin, however, is stable toward weak acids, so no further reaction occurs. 


NC. OSi(CH3)3 NC. OH 
+H ——— » Se een 2C. + (CH3)3SiF 


b. A trimethylsilyl ether is stable toward base, sono reaction occurs. 


NC. OSi(CH3)3 
+ OH — NR. 


c. Fluorine has an extremely high affinity for silicon. Therefore, the fluoride ion reacts with the 
trimethylsilyl group, which generates the conjugate base of the cyanohydrin. Displacement of the 
cyanide ion leads to formation of the ketone carbonyl group. 


NC. OSi(CH3)3 NC Ji 


+ F- ——> (CH3)3SiF + Sn — OON + CN^ 
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1821. The hydroxide ion reacts with HN; to form water and the azide ion, which is a good 
nucleophile. The azide ion adds to the carbonyl group (step 2), and the resulting alkoxide ion reacts 
with HN; to regenerate the azide ion (step 3). Steps 2 and3 can repeat until the reactants are depleted. 


HN3 + OHT ——= H20 + N34 
[0] N3 O^ N3 OH 
d il - \/ N C / 
b diu. T ed 


18.22. The reactions described in this chapter mainly comprise addition, reduction, and oxidation 
reactions. To predict the structures of the products in each of the following transformations, learn the 
details of each reaction type, which can be found in the reaction summary section of the chapter. 


a. The first step of this sequence is an enantioselective reduction reaction. The (S,S)-oxazaborolidine 
reagent produces the (R)-alcohol from an aryl alkyl ketone when the aryl group has a higher 
Cahn-Ingold-Prelog priority than the alkyl chain. The second step converts the alcohol to its 
trimethylsilyl ether derivative. 


(H3C),SIO H 
1. (S, S)-oxazaborolidin e* -BH3 % 
——————————— 
2. (CH3)3SiCl, NEt3, CH2Ch (R) 


b. The first transformation in this sequence is an enantioselective reduction reaction, the results of 
which are determined by comparison with the example given in the chapter. The second step of 
this sequence converts the alcohol to its alkoxide derivative, which subsequently displaces the 
chloride ion to form the cyclic ether (see Section 7.2c). 


o 1. NADH, Alcohol dehydrogenase o. - 
from Thermoanerobium brokii „CH3 
CI Ta o CI —— € S 
2. LDA, THF — 


c. The first step of this sequence involves the electrophilic bromination of the benzene ring; the ketone 
substituent is a meta director. The second transformation is an enantioselective reduction reaction. 
The (S,S)-catalyst produces the (R)-alcohol from an aryl alkyl ketone when the aryl group has a 
higher priority than the alkyl chain as it does here. 


H 
i 3s Bra FoB o FeBr3 Br ʻ : 
um—— MS RuCI5[(S)-xylbinap][(S)-DAIPEN] | E 


(CH3)3C OK, 2-propanol, H2 


d. This transformation involves the Grignard reaction with a ketone to form a tertiary alcohol 
product. The starting material also has a carboxylic acid group, so an excess of the Grignard reagent 
is needed to react first with this acidic proton. The carboxylate ion does not react further, and the 
acid workup protonates the carboxylate ion to regenerate the carboxylic acid group. 


HO CH3 


o 1. excess CH 3Mgl 
—— racemic 
COOH 5 H30* * COOH 
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18.23. For many molecule types, the alcohol functional group defines a place at which to make the 
disconnection in the retrosynthesis. If the synthetic goal has a ring as part of the carbon skeleton, 
consider ways to include the ring in one of the starting materials. There are several ways to prepare 
the molecules shown below. Only one route for each is presented. The starting compounds are shown in 
color. 


a. A tertiary alcohol is the product of the reaction between a ketone and a Grignard reagent. The 
alkyl halide needed to make the Grignard reagent is made by the anti-Markovnikov addition of 
HBr to an alkene. The ketone is prepared by oxidation of a secondary alcohol, which is prepared 
by hydration of an alkene. 


Retrosynthesis 


PNAS fgg S 
\ } = \ a + SONGS —> \ j] + ØNSN 
Synthesis OH 
A A BHaTHF INZ 1. CH3(CH2)3CH2MgBr ^X L^ ^. 
| / | \ / > \ / 
2. H202, OHT — 2. H30* — 
3. H2CrO4, H20 
ZA HBr, peroxides pP Mg, ether IS LL MgBr 


b. Acyclicester is prepared from a ketone using the Baeyer-Villiger reaction. The ketone is prepared 
by oxidizing a 2° alcohol, which is made by anti-Markovnikov hydration of the cyclic alkene. 


Retrosynthesis 
Ore =m 
~~ 
[9] 
Synthesis 


/ 
rro, 1. BH3, THF ct Hen ad LCFSCOSH [ us 
2. H202, OHT Ca 


o 


18.24. You learned several ways in Chapter 16 for making chiral alcohols, and the enantioselective 
reduction of ketones provides another strategy. For the first step of the retrosynthesis, consider which 
ketone can be reduced to form the specified alcohol, and then decide how the ketone can be prepared. 


a. Anaryl alkyl ketone is reduced in an enantioselective fashionby oxazaborolidine reagents and by 
hydrogenation procedures. Such ketones are readily prepared by the Friedel-Crafts acylation 
reaction. 


Retrosynthesis 
H OH 


(v o quy aeui, 


Synthesis H OH 


oo 1. AlCl, is Cy 7 seamseetmoenn, RuCH(R)-xylbinap ](R)-DAIPEN] Gr 
"W^ 2 (CH45COK, 2-propanol, H; 
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1824. (continued) 


b. Adialkyl ketone is reduced enantioselectively by oxazaborolidine reagents if the two alkyl groups 
are significantly different in size. The ketone can be prepared by oxidizing a secondary alcohol, 
which in tum can be made as a racemic mixture by the Grignard reaction with an aldehyde. 


Retrosynthesis 
H OH o Ü 
i = x4 » pp 
+ 
A ty 
Synthesis 
OH H, OH 
E. ui 1. Mg, ether P bd 1. H3CrO,, H20 o 
2. CH34(CH5),CHO 2. (R, R)-oxazaborolidin e*-BH 3 
3. H30* 


1825. When BP-allyl-9-BBN is treated with benzaldehyde, an acid-base reaction takes place between 
the boron atom, a Lewis acid, and the oxygen atom of benzaldehyde, a Lewis base. Such reactions are 
common for boron-containing substances. 


Qn B 


». S * 
S 1 CH2 
Cc 


[6] è 
i H « /^Y 
P = 


C | —H 
* Cx uw cH 
H H Z 


In the next step, electrons move through a concerted six-membered ring transition state to form the new 
carbon-carbon bond between the terminus of the allyl group and the carbonyl carbon atom. The PC atom 
is shown in color. 


18.26. The first step is to summarize the reactions described in the accompanying paragraph of this 
exercise. 


(S, S)-oxazaborolidine concd H2SO4 
x -== Y. 
t 2d 
CoHg0 reagen CoH 100 n29 CoHs 
v <— Ww 
CgH gO 


Next, use the spectroscopic data to identify one or more of the unknowns. The IR spectrum of X displays 
a strong absorption band at 1705 cm’, which can be interpreted as a C=O stretching vibration. Looking 
at the appropriate portions of the spectrum summarized in Table 14.4, we conclude that the compound is 
a ketone because diagnostic bands for the other types of carbonyl groups are absent. 
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18.26. (continued) 


The proton NMR spectrum shows that the compound is a disubstituted aromatic compound (6 7-8) 
because the total integrated intensity for this regionis 4H. From the splitting pattern in the aromatic 
region (two doublets and two triplets), we conclude that the two substituents are ortho. 

In addition, compound X has two methylene groups (ô 3.1, 2H and 6 2.65, 2H). These signals exhibit 
spin-spin splitting, so the two methylene groups must be adjacent to each other. The fact that these 
splitting patterns do not appear as classic triplets tells us that the conformation of the molecule is 
constrained so that the protons are not completely equivalent. Such a situation occurs most often for 
protons in a ring (or for those that are diastereotopic). 

Using the given molecular formula, we calculate that there are six sites of unsaturation—four are in 
the benzene ring and one is the ketone carbonyl group, so there must be one additional double bond or 
ring. Because we have accounted for all of the atoms, this sixth site of unsaturation must be a ring, in 
accord with the qualitative results of the methylene group splitting patterns. 

Assembling these fragments (0-C,H,, C=O, and CH,CH;) generates 1-indanone. 


57.79, o T ^" ^ ü 


o 
87.45, 1H t. H A T 

X estados 
87.55, 1H, t. H | 

H "lu 

ae 


8 7.32, 1H,d ^" 
8265, 2H, dofd 


The compounds therefore have the following structures. 
o OH 
A a Sw 5 M uS 
CO WH Ww OO Qo» 
x Y z w v 


18.27. Follow the procedures outlined in the solution to Exercise 14.21. 


a. Compound 27A 

(1) From the given molecular formula, C;H;CIO, calculate the number of unsaturation sites: [2(7) + 
2-6]/2=5 sites of unsaturation. 

(2) Examine the IR spectrum. The IR spectrum of compound 27A displays a strong absorption band 
at 1700 cm’ that is assigned as a carbonyl stretching vibration. Looking at the appropriate 
portions of the spectrum, we conclude that the compound is an aldehyde because a band for the 
C-H stretching vibration is observed at 2710 cm’. 

(3) Examine the proton NMR spectrum. There are two general features: an aldehyde proton and 
aromatic protons. A benzene ring and a carbonyl group account for the five sites of unsaturation. 
The integrated intensity values and splitting pattern in the aromatic region reveals that the 
benzene ring has two substituents that are para to each other (two doublets). One is the 
aldehyde group. The other is a chlorine atom, which is the only element not accounted for by 
the other data. 

(4) The carbon NMR spectra confirm the presence of the aldehyde group and a disubstituted 


benzene ring. 
ci pe HO 


p-Chlorobenzaldehyde 
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1827. (continued) 


b. Compound27B 


(1) 
(2) 


(3) 


From the given molecular formula, which is C;H;;O, calculate the number of unsaturation sites: 
[2(6) + 2- 12]/2 =1 site of unsaturation. 

Examine the IR spectrum. The IR spectrum of compound 27B displays a strong absorption band 
at 1720 cm! that is assigned as a carbonyl stretching vibration. Looking at the appropriate 
portions of the spectrum, we conclude that the compound is a ketone because di agnostic bands for 
other types of carbonyl groups are absent. 

Examine the proton NMR spectrum. This molecule has only aliphatic protons: the resonances 
are attributable to the presence of a methyl group adjacent to a carbonyl group, a methylene 
group adjacent to a carbonyl and a methine group, and two methyl groups that are adjacent to a 
methine group. This combination is diagnostic for the isobutyl group (Exercise 13.9), although 
this assignment is made indirectly because the splitting pattern of the CH group is not readily 
discerned. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
2.35 2 CH2 doublet 1 
24 1 CH multiplet -several — Based on the splitting 
. m nus patterns, these groups 
2.1 3 CH3 singlet .— 0 must be adjacent to the 
0.95 6 CH3 (2) doublet 1 CH group. 


The compound is 4-methyl-2-pentanone. 


4-Methy|-2-pentanone 
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Solutions to Exercises for CHAPTER 1 9 


ADDITION-SUBSTITUTION REACTIONS 
OF ALDEHYDES AND KETONES; 
CARBOHYDRATE CHEMISTRY 


19.1. One factor that accounts for the instability of a hemiacetal is in the strength of the carbonyl 
double bond that is formed when a molecule of water is removed. If the process occurs in a stepwise 
fashion, the alkoxy oxygen atom if first protonated, and then the OH group is deprotonated, 
concomitant with displacement of the alcohol molecule. 


I ` ' ri 
Nu n 
C~ “y c Gs 
H H30* S H20 b. LR 
ba m. —-E v E F LE zs | Hs CHOH + H30* 
p ZA ~N P 
(1 (2) 
~A 


The overall process may be concerted, however, in which case it occurs as shown by the following 
equation. 


A OCH; 7 [e 
| H oes ll 


C^ g^ e... 
VN H20 H x 
OH ———— + CH30H + H30° + H20 


In either case, the aldehyde is formed by loss of a molecule of alcohol. 


19.2. Inthe reaction between benzaldehyde and ethylene glycol, the carbonyl group of benzaldehyde is 
protonated by its reaction with p-toluenesulfonic acid (step 1), and then an oxygen atom of ethylene 
glycol acts as a nucleophile and reacts at the carbon atomof the cationic species (step 2). 


K * 


o 7 OH 
l a - 1 H. SoH 
o ~H TsOH or ~ n/ SocHoion O^ 
= OW [c PS 
> -H 
(5 o je 
Z 


HO 


Next, a proton is transferred from one oxygen atom to the other (step 3). This step is shown here as an 
intramolecular process, but it more likely occurs between different molecules of the cationic 
intermediate, which would rely on the acid and base properties of the solvent and/or p-TsOH. Loss of 
water generates another carbocation (step 4). 
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192. (continued) 


H 


H oH | Con : 
ve Z Y c^ : 2 C = + 
ES =9o 
b is — à or Ko — O \ 
p^ o = W Ho .— 
/ HO’ 


HO 


The other oxygen atom of ethylene glycol molecule can now react with the electrophilic carbon atom 
(step 5), and a final acid-base reaction (step 6) yields the ethylene acetal of benzaldehyde. Another 
name for this product is 2-phenyl-1,3-dioxolane (1,3-dioxalane is a five-membered ring with oxygen 
atoms at positions 1 and 3). 


H " u. O~ 
\ / 

ey 0 Say US 
1 \ sO 

O^ = Qe [I vn 
\ i 

HO. > © PY ©) 

He 


19.3. Inthe formationof an acetal from a vinyl ether molecule, the alkene double bond is protonated by 
its reaction with sulfuric acid (step 1). The proton adds in the Markovnikov fashion, generating a 
resonance-stabilized cation (the resonance form is not shown). The nucleophilic oxygen atom of the 
alcohol molecule intercepts this cation (step 2), and an acid-base reaction occurs to form the product 
(step 3). 


H o's Hu R 
/ ^ H504 Lap ROH N01 
P ln. e^ 79^ * c8 NUT, P br ua 1 H 
© © CH3 
R 
+o" H OR 
H 
\/ » HSO4* 
A No" "cH; > A79 + H2504 
3 


194. The formation of a carbonyl compound from a hemiacetal was depicted in the solution to Exercise 
19.1. Shown below is the concerted version of the mechanism. 


H30* 


ida Kx 


[4^ H HO " 
o = + CH3OH + H3O* + H20 


19.5. The mechanism for the hydrolysis reaction of a THP ether molecule is the same as that for the 
hydrolysis of any acetal compound. The exocyclic (outside of the ring) oxygen atom is protonated (step 
1) to generate a good leaving group. Next, an electron pair on the endocyclic (within the ring) oxygen 
atom displaces the alcohol molecule (step 2). 


P  **Hgo* 
A E ery ——— +) + ROH 
O^ "OR ©) O^ TOR (2) o" 


H 
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19.5. (continued) 


A molecule of water reacts with this cation species (step 3), and an acid-base reaction takes place to 
yield the neutral hemiacetal (step 4). 


EN 
DEQ & a 
b = + / 
Tof (3) 0^ 70H | Q 0^ oH 
u 


19.6. The MOM derivative of an alcohol is made by using the Williamson ether synthesis (Section 
72b). The alkoxide ion is first generated by treating the alcohol with NaH in DMF, and then 
chloromethyl methyl ether is added. An $42 reaction yields the protected alcohol derivative. 


JOH NaH doa dac c Z N —OCH20CH3 
LS DMF - eJ 


19.7. Inthis transformation, the OH group of the hemithioacetal reacts with zinc chloride to generate 
a good leaving group (step 1). Dissociation of the leaving group produces an electrophilic species (step 
2) that is intercepted by the sulfur atom of a thiol molecule (step 3). The hydroxide ion associated 
with zinc chloride removes a proton to produce the thioacetal (step 4) and regenerate the Lewis acid 
catalyst, ZnCL. 


\.AR/ mee YR RSH N os 
ZA —— = C=SR + ZnClOH^ 
O-H © A “Sot ZnCly (2) / 
H 

— R —— 

‘ T - 
\ Fs RSH N S~” __ZnChOH Vo SR 
C—SR ——— eR — S + ZnCb + H20 
i = (3) / ‘sr (4) P SR 


19.8. Analogous to the reaction depicted in the solution to Exercise 19.1 for the decomposition of a 
hemiacetal, a hemithioacetal is deprotonated to form the carbonyl group and a thiolate ion. An acid- 
base reaction with carbonic acid regenerates the bicarbonate ion and produces the thiol. 


Csr " 
^ ILLUS de —0 + RS- + HCO; 
OH 


H20 


RSH + HCO- 


19.9. The first two steps of this sequence constitute the Friedel-Crafts acylation procedure (Section 
172e). Formation of the thioacetal derivative occurs in the third step, which proceeds by the 
mechanism illustrated in the solution to Exercise 19.7. Raney nickel replaces the sulfur atoms with 
hydrogen atoms, converting the thioacetal carbon atom to a methylene group. Ethane and hydrogen 
sulfide are two by-products of the last step. 


CH3 CH3 
1. RCOCI, AICI HSCH2CH2SH w Sar 
(S nemen, 2 —— Í + CH3CH2 + HS 
2. Hyo* ZnCl> one 


a 
CH3CH3CH CH2CH2CH2CH 
07  CH;CH3CHs A i Wn i ti 
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19.10. Make use of the examples in Section 19.3a along with the structures shown in Figure 19.1 to draw 
the structures that correspond to the given names. 


a. Todraw the structure of an L-carbohydrate, first draw the structure of the D-enantiomer, and then 
switch the positions of the H atom and the OH groupat each chiral carbon atom. 


CHO CHO 
HO H H OH 
H OH — Ir» HO. H 
H OH HO H 
CH 20H CH 20H 
D-Arabinose L-Arabinose 


b. Todraw the structure of a deoxy sugar, first draw the structure of the parent carbohydrate, and then 
replace the OH group at each specified position with a hydrogen atom. 


CHO ‘CHO 
H—+—OH HH 
3 
HO—}—H HO H 
4 
HO—}—H Ho— H 
H—}—OH H—~-0H 
6 
CH30H CH20H 
D-Galactose D-2-Deoxygalactose 


c. To draw the structure of a deoxy L-carbohydrate, first draw the structure of the parent 
carbohydrate, and then replace the OH group at the specified position(s) with an H atom. 
Finally, switch the positions of the H atom and the OH group at each chiral carbon atom. 


CHO ‘CHO ‘CHO 
HO—}—H HO—+2-H H—-oH 
HO—.—H H—L-H i—i 

—P i — 
HO—+—H aig H—t+4+H 
H—t—oH H—+*oH HO—C-H 
6 6 
CH20H CH20H CH20H 
D-Talose D-3,4-Dideoxytalose L-3,4-Dideoxytalose 


19.11. Follow the procedures outlined in Example 19.1. Remember that in the conversion of a Fischer 


projection to the Haworth structure, a group on the left (Fischer) is up (Haworth) and one on the right 
(Fischer) is down (Haworth). 


a. The f anomer has the OH group to the left in the Fischer projection and up in the Haworth. The 
furanose suffix means that the cyclic form has a five-membered ring. 
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19.11. (continued) 


H OH 


* CH90H 5 CH3OH 


D-Arabinose B-D-Arabinofuranose 


b. The a anomer has the OH group to the right in the Fischer projection and down in the Haworth. 
The pyranose suffix means that the cyclic form has a six-membered ring. 


" 
ut m ECH OH 
H—-OH | 
HO—-H_ | 
HO— H | 
uo — 
5CH;0H 6 CH OH 
D-Galactose a-D-Galactopyranose 


c. For L-carbohydrates, the a anomer has the OH group to the left in the Fischer projection. The 
furanose suffix means that the cyclic form has a five-membered ring. For an L-carbohydrate, the 
anomeric carbon atom (C1) is at the left side of the Haworth structure, and the correlations between 
the Fischer and Haworth structures are reversed from those of D-carbohydrates. Thus, for L- 
carbohydrates, a group on the right (Fischer) is up (Haworth) and one on the left (Fischer) is down 
(Haworth). 


zt TN 
1 ie g 
CHO HO —1—H 
H HO : H HO —T—H 
H —- HO : H-—» HO —1—H 
4 4 
H HO H Q—T-—H 
5 5 5 
CH 20H CH 20H CH 30H 
D-Ribose LRibose a4 -Ribofuranose 


d. Thef anomer has the OH group to the left in the Fischer projection. The furanose suffix means that 
the cyclic form has a five-membered ring. Note that an aldotetrose cannot form a six-membered 
ring. Furthermore, the furanose form uses the terminal carbon atom of an aldotetrose to generate the 
hemiacetal form, so the customary CH;OH group next to the endocyclic oxygen atom is not present. 
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19.11. (continued) 


i 
1 Bt, ^ 
CHO HO H 
2 2 
HO H HO H 
3 ow 5 
H OH H OH 
4 4 J 
CH20H H o ^ 
H 
D-Threose B-D-Threofuranose 


e. The f anomer has the OH group to the left in the Fischer projection. The furanose suffix means that 
the cyclic form has a five-membered ring. 


H OH 


*CH90H 


D-Lyxose B-D-Lyxofuranose 


f. The a anomer has the OH group to the right in the Fischer projection. The pyranose suffix means 
that the cyclic form has a six-membered ring. 


^ - p. 
(is \ CHOH 
CHO H—}—OH 2 
5 
HO ——H Ho—7-H Hou ON UH 
3 
HO H HO ——H 4K OH OH: 
-e 4 
H——OH H- OH | OH || 2] OHa 
H—-—OH uo H H 
CH20H 6 CH2OH 
D-Mannose a-D-Mannopyranose 


19.12. The hemiacetal forms of carbohydrates in solution exist as an equilibrium mixture with their 
open-chain forms. This process is facilitated in aqueous solution because protons can be shuttled as 
needed. 


H 
l H 

CH20H SD 
2 H Ne o 


H afa H^ ji 


OH Y Hag" = 
OH ol 
ou "Ħ a 


Redrawing the open form in the more familiar Fischer projection, 
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19.12. (continued) 


! CHO 
H— OH 
HO——H 

z 3 

H—.—OH 
4 

OH 
5 

6 CH;0H 


19.13. To interpret the name of a carbohydrate with the suffix "—oside," first recognize that the sugar 
is a glycoside (an acetal). The unnumbered prefix is the group bonded to the exocyclic oxygen atom at 
the anomeric carbon atom. Otherwise, follow the examples illustrated in the solution to Exercise 19.11. 


a. The f anomer has the OR group (R - ethyl) to the left in the Fischer projection. The furanoside 
suffix means that the cyclic form has a five-membered ring. The parent carbohydrate is a 2-ketose; 
therefore, the anomeric carbon atom will have the OR group as well as the CHOH group. 


! CH2OH 
a Eo 
HO - H 
H-“+—-OH 
5 
H OH 
6 CHOH 
D-Fructose Ethyl 6-D-Fructofuranoside 


b. The « anomer has the OR group (R = isopropyl) to the right in the Fischer projection. The 
pyranoside suffix means that the cyclic form has a six-membered ring. 


OCH(CH3); 


a 


$ CH20H 
D-Galactose Isopropyl a-D-galactopyranoside 


c. Thea anomer has the OR (R= methyl) group to the right in the Fischer projection. The furanoside 
suffix means that the cyclic form has a five-membered ring. 


— 
1 [ + 
CHO H OCH3 
HŽ- oH HŽ oH 
HŽ =ou ——> HoH 
HoH jos au 
5 CH2OH 5 CH30H 


D-Ribose Methyl a-D-ribofuranoside 
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1913 (continued) 


d. The f anomer has the OR (R = phenyl) group to the left in the Fischer projection. The pyranoside 
suffix means that the cyclic form has a six-membered ring. 


CHO B 
HoH ¢\- o 
H--oH a 
HOH -7 H 
H-l-oH H 
6 CH20H H 
D-Allose Phenyl B-D-allopyranoside 


19.14. The anomer of a carbohydrate is an isomer in which only the configuration of the hemiacetal 
carbon atom is inverted. Two anomeric carbon atoms are present in lactose. The one that exists in the 
hemiacetal form is at the lower right end of the structure (shown in color). B-Lactose has the anomeric 
OH group in the equatorial position. Anomers interconvert via the open form (middle, bottom). 


OH 
CH,0H 
x \ o 
H * N H OH P 
HO—\ C C 
a-Lactose oH | B-Lactose oH | 
OH @ H 


19.15. A bacterial cell wall can be hydrolyzed in strong acid by protonation of the exocyclic acetal 
oxygen atom (step 1). The endocyclic oxygen atom subsequently displaces the polysaccharide alcohol 
group (step 2), and then a molecule of water intercepts this cation species (step 3). A final acid-base 
step produces the hemiacetal form of the other half of the polysaccharide chain (step 4). 


coo- j -— 
—( NHAc 3 Pai ™ =y 
Fi H30* \ 
M s aw ata ©; mu rem 
Nou NHAC 
oo" 


ADAC ^ 


E Po. = "As 


OH NHAc 
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19.15. (continued) 
COO- coo- coo- 
/ NHAc 


I NHAC 
H20 o7 / 7 ~OH 
— me + H30* 


"oH 


19.16. In order for cell wall cleavage to occur in the reaction catalyzed by lysozyme, an acid (Glu-35) is 
required to protonate the acetal oxygen atom. After dissociationof the alcohol fragment, a carbocation 
forms. This intermediate is stabilized partially by the proximity of the negative charge of 
carboxylate ion of Asp-52. If both carboxylic acid side chains (Asp and Glu) are protonated, then no 
carboxylate ion is present to stabilize the cation intermediate. If both side chains are deprotonated, 
then a proton is not available to initiate the first step of the reaction sequence. At the optimum pH 
value, both reactive centers—a carboxylic acid group and a carboxylate ion—are present in the active 
site of the enzyme. 


19.17. If a D-aldohexose is known to yield a meso alditol upon reduction, then the OH groups attached 
to C2 & C5 and to C3 & C4 must have mirror-image relationships to each other (the mirror plane is 
shown as a dashed, colored line in the structures below). Only two D-aldohexoses form meso alditols 
upon reduction: D-allose and D-galactose. 


CHO CHO CHO CHO CHO CHO CHO CHO 
HoH HoH Hon H-]-on Ho--H HOH H-l-oH HoH 
H-1-OH H- OH HO--H H- OH | HO--H H--OH | HO—-—H HO——H 
H OH H OH H OH HO H H OH HO H HO H HO H 
H OH H OH H OH H OH H OH H OH H OH H OH 

CH;0H CH20H CH30H CH30H CH30H CH20H CH3OH CHOH 
D-Allose D-Altrose D-Glucose D-Gulose D -Mannose D-ldose D-Galactose D-Talose 

CH30H CH20H CH20H CH20H CH;OH CHOH | CHOH CHOH 
H OH |HO H H OH H | OH HO H | H OH HO H 

[nton | nton notn — w--om HoH Hon - |HO--H | HoH 
H-+-OH | H-4-OH HoH Hon H—} OH | HO-3-H HO-1—H 
H OH H OH H OH H | OH H OH H OH H OH 

CH 20H CH20H CH 0H CH20H CH20H CH20H CH20H CH20H 

D-Allitol D-Altritol D-Glucitol D-Gulitol D-Mannitol D-Iditol D-Galactitol D-Talitol 


19.18. Because the lactone groups that are formed in this oxidized sugar exist as five-membered rings, 
the ring junction between these two rings should be cis. For the oxidation product of glucose, a dilactone 
can form because the configurations of C3 and C4 are opposite each other. Thus, the orientations are 
correct to form two, five-membered rings without inducing significant strain into the molecule. (If you 
have difficulty seeing how this structure forms, it will help to make a model.) 


10 
COOH Nc? 
H-l-oH H-50H 
HO-+-H Oo 7 H _ 
—> = 
H-+-OH H70 
H—-+-OH H—-OH 
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19.19. If a D-aldopentose yields a meso 


diacid upon oxidation of its terminal CHO CHO CHO CHO 
groups, then the OH groups attached at H OH HO H H OH HO H 
c2 and C4 must have a mirror H OH H OH HO H HO H 
relationship to each other (a mirror 
plane passes through C3). Only two H OH H OH H OH H OH 
aldopentoses yield meso aldaric acids: CH,OH CH 20H CH,OH CHOH 
D-ribose and D-xylose. D-Ribose D-Arabinose D-Xylose D-Lyxose 
COOH COOH COOH COOH 
H OH HO H H OH HO H 
"rH OH -|- H OH -HO He HD H-=- 
H OH H OH H OH H OH 
COOH COOH COOH COOH 


D-Ribaric acid D-Arabaric acid D-Xylaricacid ^ D-Lyitaric acid 


19.20. Toname a carbohydrate, first identify the root word by comparing the structure of the compound 
in its Fischer projection with the structures illustrated in Figures 19.1 and 19.2. 


The name must include D or L according to the criteria described in Section 19.3a. 

If the moleaule is cyclic, a suffix is appended to the root word to denote whether the compound 
exists in a five- (furanose) or six-membered (pyranose) ring. 

If the compound is an acetal, which is identified by the presence of an -OR group attached to 
the anomeric carbon atom, then the suffix is changed from "ose" to “oside” and the name of the 
substituent group of the acetal appears as a separate, unnumbered prefix. 

For cyclic forms, the configuration of the anomeric carbon atom must be specified as either a or f 
(Section 19.3b). 

The absence of OH groups is denoted by the prefix "deoxy" along with a number to indicate 
which carbon atom lacks the OH group. 


A reducing sugar is one that has either an aldehyde or hemiacetal functional group (keto sugars are 
also reducing in many instances because they isomerize to aldoses). Compounds that are glycosides 
(acetals) are not reducing sugars. 


a. This carbohydrate is a six-membered ring acetal (pyranoside) with the OR group up (8). The R 
group is ^methyl Breaking the ring and putting the OH groups in the appropriate positions of a 
Fischer projection (Haworth "up" - Fischer "left"), we see that this molecule has the L- 
configuration (the chiral center farthest from the carbonyl group is to the left). The molecule is 
methyl B-L-lyxopyranoside. This molecule is a non-reducing sugar. 


T" CHO 
ong —o OCH3 f Hapon 
H H OH 
4 H H 1 — 3 
HO—-H 
H 3 2 H 
OH OH 5 CH;OH 
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19.20. (continued) 


b. Thiscarbohydrate is not cyclic, and the chiral center farthest from the carbonyl group has the OH 
group on the right, so the sugar has the D-configuration. Comparing the structures in Figure 19.1, we 
see that the molecule is D-gulose, which is a reducing sugar. 


c. This carbohydrate is a five-membered ring hemiacetal (furanose) with the anomeric OH group up 
(p). Breaking the ring and putting the OH groups in their appropriate positions in the Fischer 
projection (Haworth “up” = Fischer "left"), we see that this molecule has the D-configuration (the 
chiral center farthest from the carbonyl group has the OH group to the right). C2 lacks an OH 
group, so this compound is a 2-deoxy sugar. There are two possible names: the molecule is either B- 
D-2-deoxyribofuranose or B-D-2-deoxyarabinofuranose. This molecule is a reducing sugar. 


OH 


5 CH;OH 


D-2-Deoxyribose 
D-2-Deoxyarabinose 


d. This carbohydrate is a five-membered ring hemiacetal (furanose) with the anomeric OH group on 
the left (B). We can see that this molecule has the D-configuration (the chiral center farthest from 
the carbonyl group has the OH group on the right). The molecule is B-p-lyxofuranose. This 
molecule is a reducing sugar. 


P A 
HO H 1CHO 
2 2 
HO H HO H 
3 > 3 
HO OH HO H 
4 4 
H g= H OH 
5 5 
CH 20H CH20H 
D-Lyxose 


e. This carbohydrate is a five-membered ring acetal (furanoside) with the OR group to the right (a). 
The R group is “methyl.” We cansee that this molecule has the D-configuration (the chiral center 
farthest from the carbonyl group has the OH group on the right). The molecule is methyl a-D- 
gulofuranoside. This molecule is a non-reducing sugar. 


am 


4 €" 1 
| H-j-ocHs CHO 
| H-oH H—2 oH 
| Hon ——» Hon 
\ 4 
0-H HO—-H 
5 
H—--oH H—Č oH 
ĈCH2OH 5 CH20H 
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1921. Follow the examples illustrated in the solution to Exercise 19.10. 


a. 


To draw the structure of an L-carbohydrate, first draw the structure of the D-enantiomer, and then 
switch the positions of the H atom and OH group at each chiral carbon atom. 


‘CHO ‘CHO 
H—Ż oH HOo— 3H 
HO —-H H—+0H 
H—-oH ——*  uo-|*u 
H—5-oH HOH 
®CH.OH ®CH.OH 
D-Glucose L-Glucose 


b. Todraw the structure of a deoxy sugar, first draw the structure of the parent carbohydrate, and then 
replace the OH group at the specified position with an H atom. 


CHO CHO 
2 2 
HO H H 
3 — 3 
H OH OH 
4 CH20H 4 CH20H 
D-Threose D-2-Deoxythreose 


To draw the structure of a deoxy L-carbohydrate, first draw the structure of the parent 
carbohydrate, and then replace the OH group at the specified position with an H atom. Finally, 
switch the positions of the H atom and OH group at each chiral carbon atom. 


(A 


‘CHO 1 CHO 1 CHO 
2 2 2 
HO H OH OH 
HO —?-H OH 34 
4 — 4 — 4 
OH HO H HO H 
5-OH HO—>H HO—>H 
5 CH50H 5CH30H °CH2OH 
D-Mannose L-Mannose L-3-Deoxymannose 


1922. Incarbohydrate names, the D or L designation specifies the stereochemistry of the stereogenic 
carbon atom farthest from the carbonyl group. An aldehyde sugar is an aldose, and a keto sugar is a 
ketose. The total number of carbon atoms identifies the carbohydrate as a tetrose, pentose, or hexose. 


a. b. c d. 
‘CHO ! CH;OH 1 CHO 1 CHOH 
H—- oH 2 OH H—+~ oH 
HO—-*H ae are) 30 
H—-OH D H—oH D H—- oH 
5 CH20H L 5 CH20H H—+>OH D 
6 CH9OH 


6CH20H 


A D aldopentose An L 2-ketohexose A D aldopentose A D 3-ketohexose 
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1923. Follow the procedures outlined in the solutions to Exercise 19.11 and 19.13. 


a. 


The f anomer has the OH group to the left in the Fischer projection. The furanose suffix means that 


the cyclic form has a five-membered ring. For an aldohexose, the furanose form has the chiral 


center at C5, which is an exocyclic center. Therefore, the absolute configuration must be assigned in 
order to make certain that the correct stereochemistry is drawn. 


oy 
1 B 1 \ 
CHO HO—}—H 
2 2 
H OH H—— OH 
HO —-H HO—2-H 
—— | 
4 4 + 
H OH H—-o- 
5 ENS R 
H OH H OH (R) 
6 CH50H ®CH2OH 
D-Glucose 


b. Thea anomer has the OH group to the right 


B-D-Glucofuranose 


in the Fischer projection. The pyranoside suffix means 


that the cyclic form has a six-membered ring. The deoxy prefix means that the OH group has been 


replaced by H (at C2). 
"CHO "CHO 5CH3OH 
2 2 
HO H H H 5 o 
Ho —3-H HO —-H 4K oH 1 
4 —— 4 —— 
H OH H OH OH 3 > OH 
H—+=0OH H—t20H 2) 
®CH20OH ®CH2OH 
D-Mannose 


D-2-Deoxymannose 


c. 


a-D-2-Deoxymanno pyranose 


The a anomer has the OH group to the right in the Fischer projection. The pyranoside suffix means 


that the cyclic form has a six-membered ring. The phosphate suffix means that the OH group has 


been replaced by the OPO,* group (at C6). 


a aÀ 
1 
1 cuo H—+—OH | 5cH40P034? 
2 
HO— H HO—-H OHs á 
3 
HO ENT HO—1—H 4 OH OH 1 
4 HO H 
HO H J " 2 OH «a 
H —5-oH H—3-o- 
®CH2OH $6 CH,OPO,2 
D-Talose 


d. The f anomer has the OR group (R = methyl) 


a-D-Talopyranose4-phosphate 


to the left in the Fischer projection. The furanoside 


suffix means that the cyclic form has a five-membered ring. For an aldohexose, the furanose form 
has the chiral center at C5, which is an exocyclic center. Therefore, the absolute configuration must 
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1923. (continued) 


be assigned in order to make certain that the correct stereochemistry is drawn. Note that because 
the endocyclic oxygen atom (at C4) is on the left in the Fischer projection, C5 and C6 are below the 
plane. This molecule is a still a D-carbohydrate, so the anomeric carbon atom is at the right. 


CHO H ; 
2 
H — OH OH 
: OH OCH3 
HO H — | She 1 
(R) ^ 
HO—^H H S 3 2 
H — oH ong TORG gs. OH OH 
6 CH20H $ CH20H 
D-Galactose Methyl 6-D-galactofuranoside 


19.24. The anomer of a carbohydrate is its C1 epimer (only the configuration of C1 changes). The 
enantiomer is the isomer in which every configuration has been inverted. The enantiomer is the non- 
superimposable mirror image of the original carbohydrate. 


e ' “chon “cae 
OH 6 
3 2 OH« 
LT aniona ae anomer 
5 [ 5 
" CHjOPO4^ gus | OH 5cH;0PO4 — CH;0POs^- 
4 9 1 : 4 =o ja 4K o 1 
3 2 2 3 3 2| OHa 
OH OH l OH OH OH OH 
L enantiomers — anomer 


19.25. Follow the procedure outlined in the solution to Exercise 19.19. Note that the solution to this 
exercise asks about the non-meso compounds. The possible starting aldoses are D-arabinose and D- 
lyxose. 


CHO 
H H OH 
H HO H 
H H OH 
CH 0H 
D-Ribose D-Arabinose D-Xylose 
CH20H CH20H CH20H CH 20H 
H OH HO H H OH HO H 
H OH H OH --- HO Her HO Hee 
H OH H OH H OH H OH 
CHOH CHOH CH 0H CH 20H 
D-Ribitol D-Arabinitol D-Xylitol D-Lyxitol 
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19.26. The aldoses that produce meso aldaric acids are the same ones that form meso alditols, as 
described in the solution to Exercise 19.17. 


CHO COOH COOH 
HO H HO H 
HO H HO H 

—- 

HO H HO H 
HO H HO H 

CH5OH COOH CH20H COOH 

L-Allose L-Allaric acid L-Galactose L-Galactaric acid 


19.27. To predict the structures of the products in each of the following transformations, learn the 
details of each reaction type, which canbe found in the reaction summary section of the chapter. 


a. This transformation constitutes formation of the ethylene acetal derivative of an aldehyde. The 
product is achiral. 


aoe HOCH,CH 20H A D 
CH3 \ / achiral 


TsOH, A 


b. This transformation constitutes formation of the glycoside (acetal) derivative of a carbohydrate. 
The product mixture comprises a mixture of anomers; the remaining chiral centers are not affected. 


HO OH CH3CH2OH HO OEt 6 HO 
—— 
+ 
TsOH, A 
OH OH OH OH OH OH 


c. This transformation constitutes oxidation of an aldose to an aldonic acid. The product can exist as a 
lactone. Except for the anomeric carbon atom, which is converted to an achiral carbonyl group, the 
configurations of the other chiral centers are not affected. 


COOH 
HO u-L-oH 

E um H20 0—O0 

OH à a MT 
A T H-1-OH 
j H- OH 
OH oH 

CH50H 


d. This transformation is an example of acetal formation by addition of an alcohol to a vinyl ether. 
The product is achiral. 


OCH, 


OCH3 (CH3)2CHOH / 
CY ——— = OCH(CH3) achiral 
TsOH, A 


e. An aldehyde is converted to a protected derivative when treated with a hydroxyl thiol. The 
product is formed as a racemic mixture. 


o^ 
Aves ee prr: P m 
H 


TsOH, A 
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1927. (continued) 


f. The first step of this transformation is a substitution reaction. The product is a hemiacetal, which 
is unstable and loses a molecule of methanol to form the corresponding ketone. The product is 


achiral. 
OCH n OCH 
HQ Z5 9M Mus m My, i 
ASS ^x LHe achiral 
CH3CH2CH2 CI aq EtOH CH3CH35CH7 OH CH3CH35CH5 


unstable hemiacetal 


g. This transformation constitutes the oxidation of an aldose to an aldaric acid. (The product can also 
exist as a lactone.) The configurations of the chiral centers are not affected. 


CHO COOH 
Ho ——H HNO3 HO -H 

H FI OH H i OH 

CH30H COOH 


h. The starting compound is the hemiacetal derivative of a 2-ketose and is in equilibrium with the 
open form. The ketone carbonyl group is reduced to form an alcohol. Two epimers are formed, so the 
product exists as a mixture of diastereomers. 


CH30H CH20H CH20H 
CHOH oy o H—+—OH HO—-—H 
E A H—+-oH NaBH, H —-—0OH H—}— OH 

v ——— + 
H—-—OH aq EtOH H—+—OH H—.— OH 

CH30H 

OH OH H—}— OH H—— OH H—}— OH 
CHOH CH20H CH20H 


diastereomers 


i. A ketone is converted to a thioacetal when treated with a dithiol and a Lewis acid. The 
thioacetal group is replaced by two hydrogen atoms when treated with Raney nickel. The product 


is meso. 
H 
A == T. T HecoHoRSMenO. ZnCl5 io 
( C meso 
2s] 2. Raney Ni 
H y 
(0) 


j The hydroxyl aldehyde exists as a cyclic hemiacetal, soits treatment with alcohol and strong acid 
leads to the formation of a diastereomeric mixture of a cyclic acetal. 


CH3 H3C CH3CH2CH20H CH3 OC3H7 CH3 
\—O » _-O _—-O 
ét pee OH =H * 
HO CHO 
H T TsOH, A 
H H OC3H; 
diastereomers 


19.28. Because the reagent needed to prepare the alcohol from the alkene also reacts with the carbonyl 
group, the latter must be protected. Formation of the acetal derivative is a satisfactory method for 
protecting aldehydes and ketones. 


a. The retrosynthesis and synthesis schemes are straightforward, consisting of only protection, 
deprotection, and hydroboration reactions. 
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1928. (continued) 


Retrosynthesis 
* f E " 
LD 9e Hu» 
-Q _O 
Synthesis 


-\ 1. BHs THF 
ale 


_HOCH2CH20H —- 
eee c 
TsOH & 2. H202, OH" 


-O 


pO 2 2 de, gem 


b. The retrosynthesis of this molecule requires you to recognize that the product is the acetal 
derivative of a cyclic hemiacetal, which is equivalent to the corresponding hydroxyl aldehyde. 
The hydroxyl aldehyde molecule is made from the alkene after protecting the aldehyde group. 

In the actual synthesis, the deprotection step also leads to formation of the cyclic hemiacetal. 
This molecule is converted to the acetal by treatment with methanol and a strong acid. 


Retrosynthesis 
o OCH, 
= HO INAN 
lee gi cio — — Z——"^"cwo 
Synthesis 
HOCH ,CH 20H . BH3, THF HO 
Z7" cuo [e] 


TES Ao BER ^ 
TsOH 22 2. H202, OHT i? 


PARIR iE a [9] OH CHOH DC 


 TmOH — 
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Solutions to Exercises for CHAPTER 20 


ADDITION-ELIMINATION REACTIONS 
OF ALDEHYDES AND KETONES 


20.1. The reaction between cyclohexanone and 2-amino-2-methylpropane (tert-buty lamine) begins with 
addition of the nucleophilic nitrogen atom to the carbonyl group (step 1). Two proton transfer steps 
(steps 2 and 3) subsequently yield the neutral hemiaminal derivative. Protonation of the OH group 
(step 4) generates a good leaving group, and the electron pair on nitrogen displaces a molecule of water 
(step 5). Finally, the iminium ion is deprotonated to form the neutral imine (step 6). 


Á E ae -H Fd. Ng 
( c= ( ( C 
hor. MON You 
^i N , 
AS T H20 i ) ,N-H / "* Hot NHC(CH3)3 
C: — Mia. Gt , —ln + 
‘ou G) ou / (4) a 
^ E N 
Y V MACICHaly -H20 V a H20 ys 
C—N —— CN 
2 = € = 


20.2. The reaction between 3-pentanone and hydroxylamine begins with addition of the nucleophilic 
nitrogen atom to the carbonyl group (step 1). Two proton transfer steps (steps 2 and 3) subsequently yield 
a neutral derivative. Protonation of the OH group attached to nitrogen (step 4) generates a good 
leaving group. 
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202. (continued) 


The electron pair on nitrogen displaces a molecule of water (step 5), and an acid-base reaction yields 
the neutral oxime (step 6). 


^ mim R HO. 
H20 NH-OH N+ % 
SOK y = —— in -— ofl 
© © 


20.3. The steps in this mechanism mirror those shown in the solution to Exercise 20.1. The process 
begins with protonation of the imine nitrogen atom (step 1). After a molecule of water adds to the 
carbon-nitrogen double bond (step 2), two proton transfer steps (steps 3 and 4) subsequently produce a 
protonated hemiaminal derivative. Deprotonation of the OH group (step 5) displaces the amine 
molecule, 2-amino-2-methylpropane, to yield — (step 5). 


( - P ( as I" 


© 


QY- A m 
o \ 
H20 
cin : c=0 + s + H3O* 
Ni © 


20.4. This reaction is an example of the Beckmann rearrangement. The leaving group is made by 
forming the tosylate derivative of the OH group (step 1), but the subsequent steps are the same as the 
acid-catalyzed process shown in the text. 


J 
« ^ id \ Tf vr o - 9:6 eH4C Hs 


I v: I 
Cn al Has al 


Rot” 0 fee’ Come 


Thus, heating the tosyl derivative in water leads to migration of the decalin ring from carbon to 
nitrogen with displacement of the tosylate group (step 2). 


— SO2C6H4CH 
o 2€egH4CTi3 


H3C. ^N zc 
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204. (continued) 


The carbocation that is formed is intercepted by a molecule of water (step 3), and three proton transfer 
reactions (steps 4-6) occur to form the amide product. 


CH3 CH3 
+ CH3 
nze — uz od a N H^ Son 
o F. H20 7 - 
am Lc Lp 
efi LL S / 
fcu, ~ CH3 2 
d i 
Zoey Sy SoH tN ni ons 


[y p DLL Dux we 


20.5. This transformation is an example of the classic Beckmann rearrangement. A good leaving group 
is formed after protonation of the oxime OH group (step 1). Migration of a carbon atom in the ring 
creates a seven-membered ring carbocation (step 2), which is intercepted by a molecule of water (step 3). 
Three proton transfer reactions (steps 4-6) occur to form the cyclic amide product, s-caprolactam. 


N , ot " 
k " “i i „H t 
* H20 =N  Hjo* En. H20 f^ ^NH 
y) —- oe yo — J ) * H30° 
A G X 9 N09 X 
e-Caprolactam 

20.6. The first step of the reaction scheme in this exercise is the Wolff-Kishner reaction, which 
converts the ketone group to a methylene group via the hydrazone derivative (shown in brackets). Step 
2 is the hydrolysis of an acetal, which unmasks the ketone group that had been protected. This 


transformation serves to underscore the fact that acetal protecting groups are stable toward bases and 
nucleophiles. 


q^ oS 
LE m . NHoNH, KOH,A I A oo) 
el + 

H2NN am = 

2 H ü 

[eo 
GA A jai 
Dy + HOCH;CH;OH 
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20.7. The first step in each of these reaction schemes is the formation of the imine derivative of the 
carbonyl compound. The combination of hydrogen and a metal catalyst reduces the carbon-nitrogen 
double bond to form the corresponding amine; sodium borohydride in aqueous ethanol accomplishes the 
same result. 


H 
a. 
pn oe on “CH,CH,CH, 
— — > 
H H 
b. 
fe) SS N E N 
— | ———- | H 
ZA A 


20.8. In forming an imine crosslink within a protein, the amino group of lysine (Lys) undergoes addition 
to the carbonyl group of the allysine (Als) residue (step 1). Proton transfer reactions yield the 
hemiaminal (steps 2 and 3). Protonation of the OH group generates a good leaving group (step 4), and 
the electron pair on nitrogen displaces a molecule of water to create the carbon-nitrogen double bond 
(step 5). Removal of the proton from the nitrogen atom yields the imine link (step 6). 


Lys, H ~ Lys 
am, E ii H20 AB, NOH “H,0* S. NhHLys 
C C / Us ak 
P£*. O i) UG 0 4/7 
as 
Als 
~N " e E 
AB NH tss -njo "A ,/ v id H30 
C C —N u—— C—N 
7» ~ f —~sys 
p FH © Ww €N, ©) d ” 


20.9. The mechanism for hydrolysis of the iminium C=N bond follows the same steps shown in the 
solution to Exercise 20.3. In the scheme shown below, Px is an abbreviation for the pyridine portion of 
pyridoxal phosphate. 


pu 
PxH E. ^ pu R PxH3C R 
As Ej H20 S RLF mo N . 
Ed N—C— OH; N—C—OH + H30 
H coo © H COO- (2 H COO" 
PxH;C "d R — wg PxH;C R N R 
/ Ne 7g —,H H20 E / 
N—C—OH —N—c—o PxH,C-NH3 + O=C, 


u^ Coo- € u/ | Yoo (4) COO- 
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20.10. The carbon atom attached to the amino and carboxyl groups of an amino acid is converted during 
metabolism to a carbonyl group. The IUPAC prefix for this group is “oxo” and it appears at the 2- 
position. Thus, the products are either carboxylic acids or diacids, and to name each one, we look for 
the longest carbon chain that contains the acid group(s), and then specify the substituents and the 
positions to which they are attached. 


Glutamic acid NH2 [9] 
mew n — "m 2-Oxopentanedioic acid 
HOOC COOH HOOC COOH 
Alanine NH2 J 
s. — 2-Oxopropanoic acid 
H3C COOH H3C COOH HISP 
Phenylalanine NH2 (0) 
——— | 2-Oxo-3-phenylpropanoic acid 
COOH COOH 
Aspartic acid NH2 [e] 
HOOC » HOOC cols 2-Oxobutanedioic acid 
coon COOH 
Valine NH2 (0) 


3-Methyl-2-oxobutanoic acid 
b di s —- COOH 
Leucine NH2 [9] 
FN —— pus 4-Methyl-2-oxopentanoic acid 
COOH COOH 


20.11. A cyclic secondary amine reacts with a ketone to form an enamine. The reaction between 
cyclohexanone and pyrrolidine begins with nucleophilic addition of the nitrogen atom to the carbonyl 
group (step 1). Two proton transfer steps (steps 2 and 3) subsequently yield the neutral hemiaminal 
derivative. Protonation of the OH group (step 4) generates a good leaving group, and the electron pair 
on nitrogen displaces a molecule of water (step 5). Finally, the iminium ion is deprotonated at the 
carbon atom adjacent to the C=N bond, which forms the neutral enamine (step 6). 


\ 


NZ 


N^ 
"s H 
CS P + TsO-^ 
OH 
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20.12. The mechanism for the first stage of this procedure was shown in the solution to Exercise 20.11. 
Stage 2 is the alkylation step, in which the enamine exerts its nucleophilic character to displace the 
iodide ion from methyl iodide. This is an $2 reaction. 


Og. OEY 
H 


Stage 3 is a hydrolysis reaction. Water adds to the C=N bond (step 1), and two proton transfer 
reactions (steps 2 and 3) make the amino group into a good leaving group. Finally, a proton transfer 
reaction creates the carbonyl group with displacement of the amine molecule (step 4). 


[ 2 "NE - ptt n— í 
A 
Crt 0 AE H20 — 
— ——— H vl T H30* 
CH3 © CH3 © CH3 
H 
\ ue. ‘ H~ Nt m 
N ` gp = o 


20.13. An alkyl halide reacts with triphenylphosphine to form the corresponding alkyltriphenyl- 
phosphonium salt. Treating this salt with strong base generates the ylide. 


H 
| 
a. + C. * 
Br PPh3 Br PPh3 
— > ———— 
* - + 


b. CH3—1 — CH43—PPhj l| 3 ————- H2C—PPh3 


20.14. The logical disconnection that makes use of the Wittig reaction to prepare an alkene is the 
double bond between the carbon atoms. If the double bond is exocyclic to a ring, the ring component 
normally is the carbonyl partner. In most cases, the ylide reactant comprises the end of the alkene 
double bond with the less highly-substituted carbon atom. The starting compounds are shown in color. 


a Retrosynthesis 


Peewee s dll n i PU 


Synthesis " 
uA. LPS LT BO -- FPE: disci onis 
2. BuLi, THF 


H 


Pate? 
p Si PN ——— pcr 


H 
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20.14. (continued) 


b. Retrosynthesis 


ri Ph m " 
amm O + C. t 
| P ai = | ` Ph^ `PPh3 
Synthesis H ' 
1. Ph4P ! F | » " A Ph 
i a c = 


2. Buli, THF 


20.15. The Arbuzov reaction takes place between a reactive alkyl halide and trimethylphosphite. 
After the phosphorus atom reacts as a nucleophile with the alkyl halide (step 1), the halide ion 
reacts at one of the methyl groups to create the P=O bond (step 2). 


i. 9CH3 
y P(OCH3)3 +% OCH3 
hOB ———— — —- hA Br ——- pn^^pZ + CHBr 
OCH3 pw 3 
© $ G^ "" [^os 
3 o 
Q “CH3 


20.16. The logical disconnection that makes use of the Horner-Emmons or Wittig reaction to prepare an 
alkene is at the double bond between the carbon atoms. If the double bond is exocyclic to a ring, the ring 
component normally is the carbonyl partner. In most cases, the ylide reactant comprises the end of the 
alkene double bond with the less highly-substituted carbon atom. The needed phosphonate ylide is 
made using the Arbuzov reaction. The starting compounds are shown in color. 


a. Retrosynthesis 
[e] 


ZA o He á 
Orr = CY : aid cd 3 


H 
Synthesis 


1. P(OCH3)3 iS) ( yo 
— ts s Hos — dir 
CI ^" cocHs (CH30)P, —. .COCHs OY 
| 


2. NaOEt, EtOH 


H 
b.  Retrosynthesis T o 
He _ 
NN DAN AKG t (CHOP CN 
| 
H 
Synthesis H 
1. P(OCH3)3 o “ws 
p jc o 
arm T——— (CH30)2P. —..CN ——R 


2. NaOEt, EtOH 
H 


20.17. The cyclopropyl diphenylsulfonium ylide reacts with the carbonyl group of decanone to form 
epoxide A. 
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20.17. (continued) 
This epoxide, when treated with acid, is first protonated at its oxygen atom (step 2). The strained 


three-membered ring opens to form a 3° carbocation (step 3), which rearranges to form the more stable 
cation (step 4). Deprotonation of the rearranged species yields the cyclobutanone derivative (step 5). 


H~,.+ 
(0) [o 
—-"» a — Vn 
oo 


© © 
HO OH 
tA A 
E a TW 
< © P 
e udi 
o "A o 
+ il. H20 Il 
SS IOOG Os PENA © ie E + H30* 
The second cation that is formed (shown in the colored box, above) is more stable than the tertiary 


carbocation because of resonance stabilization, as illustrated below. Formation of this more stable 
carbocation drives the rearrangement processes forward. 


OH +OH 


+) T 
R. ZI < R £y 


20.18. Semicarbazide is a hydrazine derivative with an aminocarboxy substituent. The NH; group at 
the hydrazine end of the moleaule reacts in addition-elimination reactions with carbonyl groups (the 
other NH, group is attached directly to a carbonyl group, so it is more like an amide, which does not 
normally react with ketones and aldehydes to form C=N bonds). 

The reaction begins with nucleophilic addition of the nitrogen atom to the carbonyl group (step 1). 
Two proton transfer steps (steps 2 and 3) subsequently yield a neutral derivative. Protonationof the OH 
group (step 4) generates a good leaving group, and the electron pair on nitrogen displaces a molecule of 
water (step 5). Finally, an acid-base reaction occurs to generate the product, a semicarbazone (step 6). 


n Ji NHCONH> H NHCONH; 
o z oar J Y mi 
Cl H2NCONH-NH2 Ete SH H20 On se d 
Cas BT © C” NH (3) Cah” "n 
H, NHCONH2 A H H 
OH W e 4 H o OH W—NHCONH? H30* H o 'N—NHCONH? 
a ma GEL. . x US f 
——— C 
C4Hg^ ^H (3) Cay ^u (4) C4Hg ^ ^H 
i H NHCONH2 NHCONH2 
HO.) NH-NHCONH? — 5 ET N^ 
AN =m l H20 1 
b is PIS ger SR 
C4H 9 H (s) C4Hg H ($) C4Hg H 


A semicarbazone 
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20.19. An imine is formed by the reaction between a primary amine and an aldehyde or ketone. The 
nitrogen atom replaces the oxygen atom in the carbonyl component, with loss of a molecule of water. 


Carbonyl H H mu 
compounds H IQ ‘ X 29 
o* OS fe) CH3 E N / 2 
Pentanal 3-Meth yl cyclo chexanone p-Nitrobenzaldeh yde 
Amines PPS 
pO H3C - Nw Sh 
H3C NH2 
1-Aminobutane p-Toluidine trans-1-Amino -2-methylcyclo pentane 


H 
l | 
Pedes da cnim cain a seals ds — P 
NO 


H 


X. | "EL meu i 
| | 
" dub cie cd N CH3 CL 
NO2 
PW Eu. h.e 
si pr rnt ^ s N CH3 \ ae? 
H3C H3C H3C NO 


20.20. An enamine is formed by the reaction between a secondary amine and an aldehyde or ketone. 
The nitrogen atom replaces the oxygen atom in the carbonyl component, and a carbon-carbon double bond 


is formed between the original carbonyl carbon atom and one of the adjacent carbon atoms. 


Carbonyl LI H3C H 
compounds DE X 
ő £ \ A £ CH2CH2CH2CH2CH3 
[9] [0] 
Cyclohexanone Acetophenone Hexanal 
Amines A^ N 
NH i H 
NH 
v LY Mie ipl? 
Morpholine Pyrrolidine Diethylamine 
H2C H 
2 b 


N N 
c 2 C =CHCH2CH2CH2CH 
^ 2 3 
(^N dtt. d 


o2 
HRC. H 

ig =CHCH2CH2CH2CH3 
‘+ 


HC H 
\ 

c= 

„~y TCHCH2CH2CH:CH3 


| l 
N 
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20.21. The compound 1-phenyl-1-propanone has two reactive units: the carbonyl group and the benzene 
ring. The ketone carbonyl group can undergo addition, addition-substitution, and addition-elimination 
reactions. The benzene ring can undergo electrophilic aromatic substitution reactions. All of these 
possibilities have to be assessed in predicting the major product that will be formed. 


a. Organolithium compounds and Grignard reagents react by addition of the “R” group to the carbonyl 
double bond. Aqueous acid workup gives the tertiary alcohol product. A new chiral center is 
formed, so the product exists as a racemic mixture. 


HaC OH 


. CH3Li, ether hexane 
ee ee | D racemic 
2. Dr E fm 


b. Ketones are reduced by hydride reagents to form secondary alcohols. Anew chiral center is formed, 
so the product exists as a racemic mixture. 


OH 
Cv NaBH ag EIOH aq EtOH pj —À 


c. The carbonyl group of a ketone is replaced by two hydrogen atoms when heated with hydrazine 
and base to high temperatures (the Wolff-Kishner reaction). The product is achiral. 


__NH2NHp, KOH, A i EN -— 
Inia glycol P 
d. The benzene ring undergoes electrophilic bromination; the ketone group is a meta director. The 
product is achiral. 


(0) 
Bra FeBr FeBr3 Bi | "S achiral 
fA 


e. Ketones are converted to the corresponding alkenes when treated with a phosphorus ylide (the 
Wittig reaction). Two isomers are formed because the Wittig reaction is not stereospecific. 


CHCH3 


o 
+t — 
Ph3P-CHCH, ( EN (E) and (Z) 
Z 


f. The carbonyl group of a ketone is converted to an epoxide when treated with the methylene ylide of 
dimethyl sulfide. Instep 2, the epoxide ring is opened at its less substituted carbon atom by reaction 
with the Grignard reagent, and the resulting alkoxide ion is protonated to form the alcohol (step 
3). Anew chiral center is formed, so the product exists as a racemic mixture. 


CH3CH3 OH 


-0O 
1. 1. (CHanS-CHy CH2 2. CH3Mgl, ether 
v racemic 
3. H0* 
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20.21. (continued) 


g- Ketones with protons on the carbon atom adjacent to the carbonyl group are converted to enamines 
when treated with secondary amines and acid. The carbon-carbon double bond can exist in isomeric 
forms because it is trisubstituted with four different groups (including the H atom). 


ro 


È m ( 
TsoH, €, NH N > 
ee E Ox (E) and (Z) 


h. Ketones are converted to oximes when treated with hydroxylamine and acid. The carbon-nitrogen 
double bond can exist in isomeric forms. 


HO. -OH 
N N 
on™ NH20H, TsOH C dn 
* 
(Z) (E) 


20.22. If the final step in the synthesis of Valium is the formation of the imine bond, then the 
immediate precursor must be a compound in which the carbon-nitrogen double bond has been 
disconnected and replaced by the elements of water. The carbon atom is the one attached to the =O 
group, and the nitrogen atom is attached to two atoms of H. 


HaC HaC 


o "EN 
N sd N x< 
| ] —» '—NH2 
Ld EN cl —0 
Ph Ph 


The mechanism for ring closure begins with addition of the amino group to the C=O double bond (step 1). 
A proton is transferred from the nitrogen to the oxygen atom (probably via H;O* and H,O in solution, 
but represented here simply as step 2), and then the OH group is protonated to form a good leaving 
group (step 3). Removing the proton from the nitrogen atom displaces a molecule of water and forms the 
C=N bond (step 4). 


(0 (0 o 
NY N < N 
Lee Lun ewe 
rt 
cl z9 (0 a —n-H O a NH 
H 
Ph Ph o0- Ph OH 
H3C o H3C o H3C 
Nex N— 4 n L 
. foe. X og H20 joo Y 
/ / IN / s / 
cl NH/ Q o CN b © a =N 
Ph E / 
Ph OH OH? Ph 
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2023. The two steps needed to convert glutamate-5-semialdehyde to proline involve cyclization, 
which creates the imine linkage, and reduction, which converts the imine to an amine. 


The mechanism is straightforward. A proton is transferred from the ammonium ion to the carbonyl 


group (step 1), and then nucleophilic nitrogen atom reacts with the resulting carbocation (step 2). A 
proton is transferred from the N to the O atom (step 3) and the remaining proton is removed from the 
nitrogen atom with displacement of a molecule of water to generate the C=N bond (step 4). The imine 
group, like a carbonyl group, is reduced by NADH to form the 2° amine. 


TN 


H 
H N H3N = id 
ra 3" H 2 - H HN” 
[9] A _ HO _ 
COO 4 coo G) HO” 
H 


ol 


H H mu 
coo- coo- coo- 
ei Hy TU T 
H3N Ki H20 N 
pa = 238 | 
um © "jr © w^ 
H H 
coo- coo- is 
NADH HUNC L , Wu 
À. LL si boue 
H 


20.24. To predict the structures of the products in each of the following transformations, learn the 
details of each reaction type, which can be found in the reaction summary section of the chapter. In 
some of these transformations, reactions from previous chapters are included. 


a. 


This transformation constitutes the formation of an enamine derivative of a ketone. The carbon- 
carbon double bond can exist in isomeric forms because it is trisubstituted with different groups. 


Nh, TsOH,A 


-— E a eom (E) and (Z) 


The first step of this transformation is the oxidation of a primary alcohol to form an aldehyde. 
Aldehydes react with primary amines (step 2) to form imines. The product is achiral. 


1. CrO3, pyridine, CH2Ch Zen 
Ar ae xad Tin achiral 


2. aminocyclohexane, TSOH 


This transformation is an example of the Wittig reaction. Two isomers are formed at the new 
carbon-carbon double bond. 


- (E) 
qu pentanal —" — p 
RA D ph ———— du AOE gl + _ 
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20.24. (continued) 


d. The carbonyl group of a ketone is converted to an epoxide when treated with the methylene ylide of 
dimethyl sulfide. A new chiral center is formed, so the product exists as a racemic mixture. 


/ fe (CH3)2S*-  CHyS CHa Ax racemic 


THF 


e. The first step of this transformation converts the acetal to the corresponding aldehyde by 
hydrolysis. The amino group reacts with the aldehyde group to form an imine. The chiral center 
that exists in the starting compound is not affected by formation of the C=N bond, so the reaction 
proceeds with retention of stereochemistry. 


CH CH H3C 
3 . (S) | 3 VAN 
" q^ H30 Hh oS) y 
ril CH(OCH3) —————- " cro —À WA retention 
2 2 N 


f. The first step of this transformation is a Friedel-Crafts acylation reaction to form acetophenone. 
The ketone reacts with a secondary amine in the presence of an acid catalyst to form an enamine. 
The double bond cannot exist as isomers, and the product is achiral. 


O = i: _1 CHCOCI,AICh o AlCh o~ (ro Ben CY i achiral 
2. H30* 


g. The first step of this transformation is a hydroboration reaction of the alkyne, which yields an 
aldehyde. The second part is a Wittig reaction to form the terminal alkene. 


1. catecholborane 
(CH3)2CHCH2—C—C—H . ———————  (CH3)5CHCH2—CH2- CHO 
2. H202, OH^ 


* 
Ph3P — CH2 
(CH3)2CHCH2 —CH2- CHO ————————— (CH3)2CHCH2—CH2-CH=CH2 achiral 


h. The first step of this transformation is the formation of an oxime, which should exist mainly as the 
isomer shown in order to minimize the steric interaction between the OH and methyl groups. The 
second step constitutes the Beckmann rearrangement. The aryl group is anti to the OH group, so it 
migrates to the nitrogen atom to give the illustrated product. 


CH3 O CH3 N 
NS . N 232 MESE H30* 

| achiral 
ZA 2 2880,85  — 


2025. When you perform a reaction in which you know what the product will be (or is expected to be), 
you want to focus on those spectroscopic features that are unique for the starting material and product. 
Although many subtle changes will undoubtedly occur in many parts of the spectrum, it helps to look for 
a limited number of specific changes. 

For each of these transformations, the very intense band attributed to the carbonyl stretch 
vibration will be absent in the spectrum of the product. The weaker band for the C=C or C=N stretching 
vibration is likely to be obscured somewhat by the C=C stretching vibrations of the benzene ring, so it 
may or may not be readily observed. 
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20.25. (continued) 


a. 


o Z %~ 1715 cmt 7 v ~1650 cm” 
~ very strong intensity ~/ weak to medium intensity 
o 
{> y ~1725 cm" u Z ¥ 71650 em! 
very strong intensity | medium intensity 


oč i 
— 
CI 


20.26. As noted in the solution to Exercise 20.25, focus on those spectroscopic features that are unique to 


the 


starting material and product molecules. Many other subtle changes will undoubtedly occur in other 


parts of the spectrum as well 


a. 


For this transformation, the 'H NMR spectrum of the product will have a signal in the alkene 
region (8 5-6) that is not present in the spectrum of the starting ketone. The spectra will be similar 
otherwise, with small changes in the chemical shift values. 


1H NMR spectrum ~~ 
CH2 — 85-6, 2H 
-CHCH _CH>CH 
oo CH2CHs EN c C H2CHs 
rr enn EEE col | £S 
H H ZA HH 
ty — — 829, 2H, triplet ES LE M. 832 (estimated), 
37-8, 5H & 7-8, 5H 2H, triplet 


The !H NMR spectrum of the starting ketone will have resonances in the aromatic region with a 
total integrated intensity value of 5, and three sets of signals in the aliphatic proton region: two 
triplets and a sextet. 


Proton NMR spectrum 


(5) 
| 
T T 


The °C NMR spectra of the starting material and product molecules will differ substantially 
because they have different types of carbon atoms (carbonyl versus alkene). The product has an 
additional carbon atom, too. These spectra will be similar with regard to the chemical shifts of 
the aryl and the propyl group carbon atoms. 


litle 


T T T 
6 4 


13C NMR spectrum om; 
8110-150 ~ 
o 8210 CH2 72 8 110-150 
Il 0H (DEPT) 2H (DEPT) I 0H (DEPT) 
EN CIAN AAN 
— 
ZA 


* 3 with 1H (DEPT) C T [ 3 with 1H (DEPT) 
$ 110-150 4 resonances l 1 with 0H (DEPT) $ 110-150 4 resonances | 1 with 0H (DEPT) 
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20.26. (continued) 


b. For this transformation, the proton NMR spectrum of the product will have signals for the 
isopropyl group in the aliphatic proton region (8 1-3) that are not present in the spectrum of the 
starting material. The spectra will be similar otherwise, with small changes in the chemical shift 
values. The spectrum of the starting aldehyde will have the signals for an ortho-disubstituted 
benzene ring (two doublets and two triplets) in additionto the resonance for the aldehyde proton. 


'H NMR spectrum 


of —— ge 


Proton NMR spectrum CHO 


8 ~1-3, doublet (6H) 
and septet (1H) 


(1) 


— H 
T T T T T T T 
10 9 5 8 7 


The °C NMR spectra of the starting material and product molecules will differ because the product 
has additional carbon atoms that produce signals in the aliphatic region (ô 10-50). These spectra 
will be similar with regard to the chemical shifts attributed to the sp?-hybridized carbon atoms. 


13C NMR spectrum 


f & 180-200 è 160-180 
1H (DEPT) 1H (DEPT) —— 8 10-50 
1H and 3H (DEPT) 
id 4 with 1H (DEPT 4 with 1H (DEPT) 
a 1508 — 2 2 with OH (DEPT | ? with OH (DEPT) 


20.27. These reactions are standard examples of addition-elimination processes. In (a.), the ketone is 
converted to an alkene using an ylide (the Wittig reaction). In (b.), the aldehyde is converted to an 
imine by its reaction with a primary amine in the presence of an acid catalyst. 


a. 
ge LU =i 


eee 
^ ij 
ot e of 
CI 


TsOH, EtOH cl 


20.28. If a Wittig reaction is used to prepare an alkene, the retrosynthetic disconnection is at the 
double bond. One end of the alkene comes from the ylide reagent and the other from the carbonyl 
component (aldehyde or ketone). The starting materials in each of the following schemes are shown in 
color. 
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20.28. (continued) 


a. 


20.29. In this chapter, you were introduced to reactions that make compounds with C-C and C-N 
double bonds from aldehydes and ketones: Imines, enamines, and alkenes can be made via addition- 
elimination reactions. In the retrosynthetic analysis, look particularly for disconnections at double 
bonds. If the synthetic goal has a ring as part of the carbon skeleton, consider ways to include the ring 
as a starting material. There are several ways to prepare the molecules shownbelow. Only one route 


This Wittig reaction uses an ylide derived from toluene to react with acetone. 


Retrosynthesis 


OT s O~- > O0” 


Synthesis 
cH, 1- NBS,AIBN, A 


[v] 
- * 
————————— — 
A 3. BuLi, THF A 


This Wittig reaction uses an ylide derived from meth yl iodide to react with 3-methy lbutanal. 


Retrosynthesis 


Pp" => pu + CHil 
EI 
Synthesis 
1. PhaP =, A cho 
: ———— 
CH3- CH2-PPh3 Su. 


2. BuLi, THF 


This Wittig reaction uses an ylide derived from ethyl iodide to react with cyclohexanone. 


Retrosynthesis 


on > Oz + CH3CHal 


Synthesis 


1. PhaP =. [ =o p 
CH3CH21 ———— — —» CH3CH-PPha ——————»- | ex 
2. BuLi, THF -— 


for each is presented. The molecules shown in color are the organic starting materials. 


a. 


The imine bond is a logical disconnection site. The aldehyde is made from benzene by attaching a 
two carbon fragment, which is done using the reaction between a Grignard reaction and ethylene 
oxide. The alcohol product is oxidized to the aldehyde. Aniline is made from benzene by nitration 


followed by reduction. 


Retrosynthesis 


E las . on 
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20.29. (continued) 


Synthesis 

1. Bro, FeBr3 

O == 2. AU D. THF | EN OH 1. CrO3, pyridine zNCgHs 

———————— 

3. ethylene oxide A 2. CeH5NH2, TSOH 
4. H30* 

O 1. HNO3, H2SO4 | ay NH? 
=> 

A 2. SnClo, HCI FA 


b. When a desired product has no functional group, you have to insert one (or more) in a place at which 
it can be readily converted to a saturated hydrocarbonunit. A Wittig reaction canbe used to make 
an alkene, and the double bond is readily reduced using catalytic hydrogenation. The symmetry of 
this molecule makes it logical to break the moleaule into two, six-carbon fragments, which are 
made from the same four-carbon starting material by adding a two-carbon fragment. 


Retrosynthesis 
Synthesis 
1. Mg, THF PBr3 
2. ethylene oxide ru alis d ad 
A DESEE o C uc 
CH2Cl2 
. Mu ANS 
udis dle P 
2. BuLi, THF Bue 
NS 


CHO 


c. A Wittig reaction could be used to make this alkene, but the product has eight carbon atoms, so a 
disconnection to give two, four-carbon atom fragments would expedite the synthesis. The location 
and type of double bond in the product means that it can be made by an elimination reaction (E1). 


Retrosynthesis 


"Tw Iu e 


Synthesis 


1. Mg, THF OH HPO 4, A 
_ ZA 
Br + 


á i (CH3)2S- CH2 o 
———————— e 
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20.30. Deprotonation of an alkyltriphenylphosphonium salt generates an ylide (step 1), which has a 
nucleophilic carbon atom. Alkylation occurs by reaction between the nucleophilic carbon atom and the 
electrophilic carbon atom of benzyl bromide (step 2). Deprotonation with NaH (step 3) produces 
another ylide. Its reaction with benzaldehyde (step 4) forms the carbon-carbon double bond of the 
product by the Wittig reaction. Both geometric isomers are formed. 


* NaH 
PhgP—CH4  ———» PhP — CH; * frg A PhP — CH2CH2Ph 
DMSO 


H H 

+ NaH TO S CgH5CHO "S E: H 

Ph3P—CH2CH2Ph —————»- Ph34P —CHCH;Ph ———————» © © + 

DMSO (4) H CO 
© 


20.31. A six-membered ring is formed in the first step by the Diels-Alder reaction (Section 10.4b 
between a conjugated diene and the dienophile, vinyltriphenylphosphonium bromide. The resulting 
cyclohexenyl phosphonium ion is subsequently deprotonated by reaction with LDA (step 2), which 
forms an ylide. 


* 1 + 
a an PbS ica stg PPh; 
-0 H ——— l 
pra we (n T (2 z^ 


The reaction of the ylide with propanal yields the product with an exocyclic carbon-carbon double bond 
(in addition to the endocyclic double bond from the Diels-Alder reaction). Two geometric isomers are 
formed in this final step. 


oe + H 
- PPh3 
XY CH3CH2CHO ZA AH 
—_ + 
G 


2032. Dimethylsulfonium methylide is a nucleophile, so it reacts with the alkyl halide to form a 
homologous sulfonium salt. The dimethylsulfonium group is a good leaving group (Section 7.3b) so 
reaction of the alkylated sulfoniumsalt with strong base produces the alkene by the E2 pathway. 


H3C ,. _ M é hd 
\ b> 
S— CH2 e PRSE — M sS Ca 
Pa ©) 
H3C -— 
a 
mge E a H 
+ ~O-t-Bu 
wA scH  —— * S(CH3)z + tBuOH 
UA (2) ( 3)2 


20.33. First, summarize the reactions described in the accompanying paragraph. 


1. 03 
x => Y + RCHO (Ca) 
2. Zn, H20 


1. H20, H2804 CH3 
ie Fe " ^Y ^oc 
2. K2Cr20;, H20 


C12H16 
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20.33. (continued) 


The identity of Z is straightforward to reckon because it is made by the Friedel-Crafts acylation 
reaction between toluene and 3-methylbutanoyl chloride. Compound Z is 1-(4-methylphenyl)-3- 


methyl-1-butanone. 
o 
04 


Compound Y is 4-methylbenzaldehyde (p-tolualdehy de), the structure of which is determined from the 
given IR and proton NMR spectra. 


~~ 823,3H,s — 
( ^ yC=O ~ 1700 cm'! (vs) 
Fa 8, 1H, s P 
5 u vC-H ~ 2710 cnr! (w-m) 
5 jose 2H,d — = ¥ 
373.2H.d = para-disubstituted 


benzene ring 


Working backwards from the structure of compound Z, we conclude that dichromate ion was probably 
used to oxidize a 2° alcohol to make the carbonyl group in Z. The alcohol must have been made from an 
alkene by hydration. 


H OH 
/ H20 / K5Cr207 
HC 4 yA — Hce L Nch d uta 
\ 
C—CaH; H2504 CH2C3H7 x 


K 


To check this possibility, we ask whether X can be converted to Y (and a four-carbon aldehyde) by 
ozonolysis. The answer is yes. 


/ 1.0 / Y 
neo Y c oiu NEN no y c + pom 
"c—c,H, 2. Zn H20 b H 
xk ^" Y 


To prepare X from Y, we employ the Wittig reaction between 4-methylbenzaldehyde and the four- 
carbon ylide derived from isobuty l bromide. 


[e] H 
4 E 
H3C < y + Ph3P—C — H3C \ 


H 
Y x 
H 
+ - 
Br 1. Ph3P Ph3P—C 
— > 


2. BuLi, THF 
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Solutions to Exercises for CHAPTER 2 1 


ADDITION-ELIMINATION REACTIONS OF 
CARBOXYLIC ACIDS AND DERIVATIVES 


21.1. Follow the procedure outlined in Example 21.1. 


tert-Butyl (E)-2-hexenoate 


H [e] 
hex 6 carbon atoms ~ de 
en a carbon-carbon double bond, starting at C2 " 5 : 3 1 O 
H 


oate the ester functional group; its carbonyl carbon 
atom defines C1 
(E) the higher priority substituents at the ends of the 


double bond are on opposite sides of the bond 
tert-butyl the C(CHs)3 group is attached to the non-carbonyl 
oxygen atom of the ester functional group 


21.2. A carboxylic acid reacts with an alcohol in the presence of a mineral acid to form an ester. 
Dehydrating agents such as molecular sieves are sometimes added to shift the equilibrium toward 
formation of the ester product. To draw the structure of the ester formed from the reaction of a 


carboxylic acid with an alcohol, replace the H atom of the carboxylic acid group with the alkyl group of 
the alcohol. 


Ci COOCH;CH; 


21.3. If one of the alcohol groups of a diol is oxidized before the other one becomes oxidized, then 
cyclization can occur. The carbonyl group of the mono-carboxylic acid is protonated (step 1), and the 
alcohol OH group reacts with this carbocation intermediate (step 2). After protons are transferred to 
generate a good leaving group (steps 3 and 4), the carbonyl group of the lactone is regenerated (step 5). 


on [Ol OH H30* + 0H 
H pr ee ue m—À i as A E. m H gw xr 
Ó 


OH 
S OH qd. OH H 

died: Q LX. © 
H 


20 oH 

LX... 

O pene [e] ort nò O, 
X o^ LK o DL 


+ 
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214. A hydroxy carboxylic acid can undergo either intra- or intermolecular esterification. If there are 
three or four atoms separating the alcohol and carboxylic acid groups, a lactone will be formed. When 
the hydroxy group is attached to the carbon atom adjacent to the carboxylic acid group, a dimer is 
produced. This transformation proceeds by the same steps outlined in the solution to Exercise 21.3. 


ü R R H, foo 
OH HsO* Ju ale. —- NN 
————- 
HO i im © HO : Ho^ “cooH "CS" Ho oH R 
OH OH 


21.5. To prepare an ester from a carboxylic acid, you have the choice of treating a carboxylic acid with a 
primary alcohol in the presence of an acid catalyst, with diazomethane (methyl esters only), or with 
alcohol after converting the carboxylic acid to its acid chloride derivative (all types of alcohols). To 
prepare an ester with a tertiary alcohol as the reactant, only the last option is viable. 


[9] o o 
S dto. = "owe 9 — n de 
——— ooo no 
OH CI o 


pyridine 


21.6. A carboxamide is made by the reaction between an amine and either an ester or an acid chloride. If 
an acid chloride is used to make an ester, a base like pyridine, triethylamine, or hydroxide ion is 
normally included in the reaction mixture to remove the HCI that is formed. An ester or lactone needs no 
added base because the leaving group is the alkoxide ion, which removes a proton attached to the 
nitrogen atom of the amine reactant. 


a. To prepare this carboxamide, the acid is converted to the acid chloride and treated with aniline. 


1. SOCI, A 


i ae 
——_———_- > 
: NH; NaOH, H20 H 
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21.6. (continued) 


b. This carboxamide is made by converting the acid to its acid chloride derivative followed by reaction 
with the amine. 


yu 1. SOCly, A o 
CC 
OH 2. C4HgNH2, NaOH, H20 NHC4Hs 


21.7. Hydrazine reacts with an add chloride in the same way that an amine does. The second nitrogen 
atom can act as a base, so aqueous OH has to be added at the end of the reaction to generate the neutral 
hydrazide derivative. 


fe] 1. SOC, A [e] 
PW S 
OH 2. NH2NH2 NHNH2 
3. NaOH, H20 
| 1. SOCI, 
[e] n [e] 
b 2. NH9NH; C m et 
"mW ud —MM = c vU tne nec 7 
©) Acn © / S © 
HN H 


> we ™ o 
3. OH- pw n 
NH 
d poem e NHNH, + HjO 


a carboxylic acid hydrazide 


21.8. The phenol oxygen atom is the nucleophile that adds to the carbonyl group of acetic anhydride to 
form a tetrahedral intermediate (step 1). Regeneration of the carbon-oxygen double bond displaces 
acetate ion (step 2), which removes a proton from the oxygen atom (step 3) to form the products, acetic 


acid and aspirin. 
Tetrahedral intermediate 


[e] [e] [e] o OH 
l, Ci +/ ArH t | = ArOH 
Hc "o^ V CH © TS ‘CHs 


ut n COOH 
Salicylic ecid H^ * Ar Salicylic acid 

B o- o Ie. 

il E | - CH,COO- Il CH3COO- Os, dinis 

Cc C., —— Cc + H —M 
Hc ogeh © HC ^79 G O: — ceu 

[e] 
e n Hh COOH 


Acetylsalicylic acid (aspirin) 


21.9. A thiol reacts with an acid chloride by addition of the sulfur atom to the carbonyl group (step 1). 
The tetrahedral intermediate collapses to regenerate the carbonyl group by expulsion of chloride ion 
(step 2), and an acid-base reaction yields the product, a thioester (step 3). 


SR HSCSH; Sh F - Had 
——- MN ——- Aro er —t 
Hec) O MCN LA G tse e O He se 


H 
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21.10. In any acid-catalyzed hydrolysis reaction of a carboxylic acid derivative, the carbonyl group is 
first protonated, which activates it for the subsequent reaction with water (step 2). After a proton 
transfer reaction (step 3), the OPh group (in this transformation) is protonated to form a good leaving 
group (step 4) that is displaced when the C-O bond is regenerated (step 5). 


"tilii a e i ne HO. ,OPh 
C -o C ——— C. + 
CH4CH;/ ~OPh © CH4CH; ~OPh @ CHCH b d 
H 
H 
HO +1 
"e. .OPh (c9 "n [E Vs .OPh 
M. = o + H,0* + HO 
CHCH b () CHCH “OH © CH3CH~ AH He 
H ^x 
E S > 
S i 
E MP Ln = Lx. + CeH5OH + H30* 
CH3CH> No H ©) CH3CH; OH 


21.11. The base-promoted hydrolysis of a lactone follows the same mechanism as the saponification 
reaction of any ester. Hydroxide ion adds to the carbonyl group, forming a tetrahedral intermediate 
(step 1). That intermediate collapses to regenerate the carbon-oxygen double bond, which leads to 
opening of the lactone ring (step 2), shown here as assisted by a proton-transfer step from water. An 
acid-base reaction subsequently occurs with the hydroxide ion reactant to form the carboxylate salt (step 
3). Acid workup, shown below as step 4, yields the hydroxy acid. 


s o Qo Ine E 
Ca = OH cy. us om + OHT Cc-0- + H20 
i 1 © [ o © T G ( P 
4 ` 4 n / 


COOH 
OH dii adi dis dii d + H20 
( | © 


21.12. Transesterification occurs under basic conditions by nucleophilic addition of the alkoxide ion to 
the carbonyl group, which forms the tetrahedral intermediate. When the carbon-oxygen double bond is 
regenerated (step 2), the original alkoxy group is displaced to react with the alcohol solvent to generate 
more alkoxide ion. If a low-MW alcohol such as methanol is formed, its removal from the reaction 
mixture by distillation drives the equilibrium in the direction of the desired product. 


o o 
Gi a OcHPh Ph | Il 
C E I C Hoonen HOC , * OCH:Ph + CHOH 


4M (a C, 

R^ ~OCH, R^ \OCHs R 
O OCH;Ph © 

R= CH3CH2CH2CH2CH> 
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21.13. In the acid-catalyzed hydrolysis reaction of a lactam, the carbonyl group is first protonated, 
forming an activated intermediate that is trapped by reaction with water (step 2). After a proton transfer 
reaction (step 3), the nitrogen atom reacts with acid to generate a good leaving group (step 4), which is 
displaced when the carbon-oxygen double bond is regenerated (step 5). An acid-base reaction occurs 
between the amino group and the acidic solution (step 6). 


HO OH HO O—H HO HO 
e" y 5 P 
RA _ Ce ) C—O c= 
(9 nos + H30* = M 
© © NH; 


21.14. The chymotrypsin-catalyzed hydrolysis of p-nitrophenyl acetate starts with binding of the 
aromatic molecule in the active site of the enzyme. In the first step, the serine hydroxyl group adds to the 
carbonyl group of the substrate, generating a tetrahedral intermediate. The generation of the alkoxide 
ion nucleophile is facilitated by the acid-base reaction in which the histidine side chain participates. 


Hiss7 Hiss7 
—_ Ser495 
= N =\ + ( -N 
= " " .H 
o HN N^ Y o H O- HN, ZNH Ww. 
— AME. 
L Py H-N o^ TN 
ASp102 C T ASp102 CH3 
3 3 
O;N 


ON 


In the next step, the tetrahedral intermediate collapses with displacement of p-nitrophenol The proton 
on the imidazole group of histidine is used to generate the neutral phenol leaving group. 


Hiss7 Hiss7 
Ser495 Ser495 
= N = N 
+ - - 
= H = H 
O- HN, NH C : © O- HN N ( 
NZ ` A 
SEO, ( O~ s " 
7 ~N [*) ~N 
ASp102 "d Nous Asp402 5s 


OH 
ON 


356 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


21.14. (continued) 


A molecule of water enters the enzyme active site and is used to form hydroxide ion, which adds to the 
carbonyl group of the acetyl serine derivative (step 3). This step also creates a tetrahedral intermediate. 


Hiss7 Hiss7 
Serj95 Ser495 
= AN Sa ( AN 
O- HNN ( P G O- HN, NH 34 
E N24 Se Now" Fos 
o Oo-—* i H-N [e] PN TN 
ASp102 4 CH; ASp102 HO CH3 


Finally, collapse of the tetrahedral intermediate yields acetic acid and regenerates the active site in the 
form needed to catalyze the next round of reaction. 


Hiss; Hiss; 
Ser495 l Ser195 
T UN = -N 
o- HN, NH ( af © O HNN y, P" 
SAG, ü 
z — ~N 
Asp102 HO Nou, N Y ASp402 
HO 
N 
c= 
/ 
H4C 


21.15. A nitrile reacts with HCl by protonation of its nitrogen atom (step 1). The cation so formed is 
intercepted by the nucleophilic oxygen atom of methanol (step 2). A proton transfer reaction between the 
oxygen and nitrogen atoms yields the product (step 3). 


CHs 
we, a” ce pai 
"inn “Sor cl + CH4OH O- / 


Å 
— CE —c= —— — — 
R—C=N R—C=NH R e. P" R—C 


© cr Q Nu © UE cr 


21.16. A ketone is readily prepared from a carboxylic acid derivative by the reaction between an acid 


chloride and an organocuprate reagent, which in turn is made from copper(I) iodide and an 
organolithium compound. (The reaction used to prepare the organocuprate reagent is not shown in the 
following schemes). 


a. o 
SOCA HOUlGehiih 1)2 
unn IG ot ill on 
b. o 


SOCA Eu P 
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21.17. In the reaction between a Grignard reagent and a carboxamide, complex formation (see Section 
152b) is followed by addition of the nucleophilic R group to the C=O bond (step 1), which creates a 
tetrahedral intermediate. Protonation during workup (step 2) generates the geminal amino alcohol (a 
hemiaminal) which is unstable and eliminates a molecule of the amine by protonation of the nitrogen 
atom (step 3) followed by formation of the carbon-oxygen double bond of the ketone (step 4). 


Br 


T d 
_-Mg *MgBr 
(O^ 7 CH;CH;CHs Tow 
CH3CH5CH; — MgBr € Ca 
N(CH) —— > —dà NC CH;CH;CH; 
N(CH3)? Q N(CH3)? 
T qH qH 
+ 
CY es i za Q~ cH; cH;cHs 7430" | QC CH;CH;CHs 
N(CH). N(CH3) NH(CH3) 
2 © 3)2 © : 3)2 
H 
" i 
$ (A CH2CH2CHs H20 CH2CH2CH3 , + 
| | S NHH ——— + NH(CH3)) + H30* == NH(CH3)2 + H20 
ulia © 


21.18. In the reaction between a Grignard reagent and a formate ester, complex formation (Section 15.2b) 
is followed by addition of the nucleophilic R group to the C-O bond (step 1), which creates a tetrahedral 
intermediate. Regeneration of the carbonyl group (step 2) yields an aldehyde, which forms a second 
complex (step 3; Section 15.2b) and undergoes a second addition reaction (step 4). Acid workup (step 5) 
produces the secondary alcohol. 


,Pr 
"Mg... - *MgBr 
9 CH4CH;CH;— MgBr ES CH;CH;CH; 4 
H^ ~OEt H^ Soei Q H^ X CH2CH2CH3 
OEt á 
r 
Z 
Mg 
o- 'MgBr cu—" Cc RS O^ "CH;CH;CHs 
Çi : CH3CH;CH;— MgBr E 
HC CH;CH;CH; H^ 7" CH;CH;CH; e—a H^ T" CH;CH;CH3 
Coet © © 
E 
o" l'CH;CH;CHs o *MgBr H,0* OH 
E j^ dh al ad) po SGC 
i ei il © CH,CH,CH3 © CH;CH;CH; 


21.19. A lactone is an ester, so two equivalents of a Grignard reagent will react with a lactone to form a 
3° alcohol group at the original carbonyl carbon atom. The alcohol portion of the lactone is cleaved from 
the carbonyl group by this reaction, but it remains part of the product molecule. 


1. CH3MgBr (xs) ory 
To ee i. 
; 2. H30* 
o E oH OH 
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21.20. Follow the procedures outlined in Example 21.1 and in the solution to Exercise 1.30. 


a. 


N,N-Diethylacetamide 
acetamide the carboxamide having 2 carbon atoms (CHxCONH?) Il 
N,N-diethyl two CH2CH: groups are attached to the nitrogen -— PESO CH2CH3 
atom of the amide group 3 | 
CH2CH3 
Isobutyl (S)-3-methylpentanoate 
pent five carbon atoms 
an no carbon-carbon double or triple bonds 
oate ester functional group; its carbon atom defines C1 H3C H 
3-methyl a CH3 group is attached to C3 ~~ Pu 
(S) the configuration of the chiral carbon atom is (S) oN 
isobutyl the CHoCH(CH3) group is attached to the 
oxygen atom of the ester functional group 
Ethyl 3,3-difluorocyclopentanecarboxylate 
cyclopentane — five-carbon ring with no double or triple bonds 
carboxylate ester functional group as a substituent on a ring; 
its point of attachment to the ring defines C1 O—CH;CH; 
33-difluoro two fluorine atoms are attached to C3 of the ring 
ethyl the CH2CH3 group is attached to the ester oxygen atom 
(E)-3-Chloro-2-butenoic acid 
but four carbon atoms " ö 
en a carbon-carbon double bond, starting at C2 
oic acid carboxylic acid functional group; its carbon atom is C1 A. A. 
(E) the higher priority substituents at each end of the 3 
double bond are on opposites sides of the bond 
3-chloro a Cl atom is attached at C3 
3-Bromo-2-nitrobenzoic acid * en^75H 
benzoicacid the carboxylic acid derivative of benzene 
3-bromo a Br atom is attached at C3 7'NO; 
2-nitro an NO» group is attached at C2 


21.21. Follow the procedures outlined in the solution to Exercise 1.17. 


a. This compound has the nitrile functional group in a carbon chain with 


six carbon atoms and a double bond that starts at C4, so the core of its " 

name is 4-hexenenitrile. A methyl group is also attached at C4, and the bk i 
stereochemistry of the double bond is (E) because the higher priority 

groups at the ends of the C-C bond are on opposite sides. The name is 
(E)-4-methyl-4-hexenenitrile. 


This compound has the carboxylic acid functional group attached to a 

benzene ring, so the root name is benzoic acid. The substituents include 

a methoxy group at C2, a chlorine atom at C3, and a nitro group at C6. 

(If we numbered the ring counterclockwise, the numbering would be 1, 

2, 5, 6 instead of 1, 2, 3, 6, and we use the set with the lowest number at 

the first point of difference). We append the substituent names in cH, 
alphabetical order to give the name: 3-chloro-2-methoxy-6-nitrobenzoic 

acid. 


6 NO; 


Sooni 
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21.21. (continued) 


c. This compound has the acid chloride functional group in a pu 
carbon chain with five carbon atoms and a double bond that SN 1 
starts at C3, so the core of its name is 3-pentenoyl chloride. . 3 ? "coci 
A methyl group is attached at C4 and no stereochemical 


designation is needed. The name is 4-methyl-3-pentenoyl 
chloride. 


d. This compound has the ester functional group in a carbon 
chain with seven carbon atoms (counting the carbonyl 
group) and no unsaturation, so the core of its name is -—— — 
heptanoate. The group attached to the ester oxygen atom is 6 4 2 


the allyl group. There are no other substituents, so the name 
is allyl heptanoate. 


21.22. To create an equation, draw the structure of the reactant, and then write the names or structures of 
the solvents, reagents, and reaction conditions on the arrow, numbering the steps if more than one is 
required. To predict the structures of the products in each of the following transformations, learn the 
details of each reaction type, which can be found in the reaction summary section of the chapter. In some 
of these transformations, reactions from previous chapters are included. Pentanoic acid is a five-carbon, 
saturated carboxylic acid. 


a. Thisreaction is an example of the direct (Fischer) esterification of a carboxylic acid. 
(0) 


Mi ~n} COOH (CH3)2CHCH20H, TSOH, A —P um 
5 3 1 


b. This transformation shows the reduction of a carboxylic acid to form a primary alcohol. 


COOH __ " y. SPO 
See SF OH 


c. In this reaction, the carboxylic acid is first converted to its acid chloride derivative. An amide is 
formed by reaction of the acid chloride with an amine, and base is added to remove the HCI that is 


formed. 
1. SOC o 
COO =E S N 
ln did 2. CH4(CH2)NH; KR Sen 
3. aq NaOH H 
d. The first two steps produce 1-pentanol [part (b.)], and PCC oxidizes a primary alcohol to the 
corresponding aldehyde. 
1. LiAIH 
NON coo M» VLLL 6HO 
2. H30* 
3. PCC, CH;Cl 


e. After formation of the acid chloride derivative in step 1, reduction with the hindered hydride reagent 
yields pentanal, the same product formed in part (d.). 


o 
LAS L"'600H 1. SOC TES RS 
2. LiAIH(OfBu)s H 


low temperature 
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21.22. (continued) 


f. The first two steps are used to form the ester, methyl pentanoate. A Grignard reagent reacts with an 
ester to form a tertiary alcohol with two like groups (methyl in this case) attached to the alcohol 
carbon atom. 


1. SOC CH3 
uw LUZ COOH 2. CH3OH S 
3. CHMgl, ether CH3 
4. NH4CI, H2O OH 


21.23. The rates among the addition-elimination reactions of carboxylic acid derivatives are affected by 
the electrophilic properties of the carbonyl carbon atom, by the steric effects of any substituents, and by 
the potential leaving group facility. Among acid derivatives, the order of reactivity is acid chloride > 
anhydride > thioester > ester > amide (3° > 2? > 1°). There is no anhydride in this series, so the order is: 


cl a cl qm cl O7 cl ^ 1 NN 


most reactive 


least reactive 


21.24. The first step in this acid chloride forming reaction with oxalyl chloride is an acid-base reaction 
that produces a carboxylate ion. The resulting anion undergoes addition-elimination with oxalyl 
chloride (steps 2 and 3) to form a mixed anhydride. Next, chloride ion adds to the carbonyl group that 
was in the original carboxylic acid (step 4). Finally, that tetrahedral intermediate collapses to generate the 
acid chloride, displacing carbon dioxide, carbon monoxide, and chloride ion (step 5). 


05 
fi 1 e MEI 
: NEts ci/ ~cocl 
voa 7 © eg © go Neon 
Cl 
- [e] o~ [e] 
Me HB i|] 
-e coc! Cut R Ao "eod vt RA vo^ cod 
R^ 70 © © 
Col cl 
cr 
E al ) 
ea C c —— C + CO; + CO + Cl 
r -——Ó NE 
ASA ZEE a 
CI i 


2125. A cyclic anhydride reacts in the same way that an acyclic one does except that the leaving group 
remains part of the product molecule. Thus, the OH group of propanol reacts at one of the carbonyl 
groups of the anhydride (step 1) to form a tetrahedral intermediate. 


CANI tl o CH» CH»CHs 
CH34CH;CH;OH OF 
EBENE di 
Transfer of a proton (step 2) generates a protonated carboxyl group, which is a good leaving group; and 
collapse of the tetrahedral intermediate yields the half-acid half-ester product (step 3). 
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v o- CH2CH2CHs 


21.26. When you perform a reaction in which you know what the product will be (or is expected to be), 
focus on those spectroscopic features that are unique for the groups in the starting material and product 
molecules. Although many subtle changes will undoubtedly occur in several parts of the spectrum, it 
helps to look for a limited number of specific changes. 


21.25. (continued) 


J£H;CH;CH; O7 CH2CH2CHs 


"CS eS 


Pag 


[*) 


a. For this transformation, the position of the very intense band attributed to the carbonyl stretching 
vibration will change significantly. The value of vC=O is near 1800 cm! for an acid chloride, and it 
appears at lower frequency for an ester. In addition, the ester will have a strong absorption at 
around 1200 cm? because of the C-O single bond stretching vibration. 


H H H H v ~ 1200 cm" (vs) 
H3C x cl H3C x o 
Pe Se i e No CHs 


b. For this transformation, the position of the intense band attributed to the carbonyl stretching 
vibration will change significantly. The value of vC=O is expected to be around 1720 cm" for an ester 
that is conjugated with an aromatic ring, and it will appear at a lower frequency value for a 
carboxylic acid group attached to a benzene ring. In addition, the ester will have a strong absorption 
at around 1200 cm? because of the C-O single bond stretching vibration. The carboxylic acid will 
display a broad band between 3500 and 2500 cm? because of the presence of its OH group. 


v -1720cm? (vs) v ~ 1690 cm! (vs) 
CH 
Bt. t l j i 


coe 
v ~ 3500-2500 cm 


v ~ 1200 cm” (vs) (broad) 


21.27. As noted in the solution to Exercise 21.26, focus on those spectroscopic features that are unique for 
the starting material and product molecules. Many other subtle changes will undoubtedly occur in other 
parts of the spectrum as well 


a. For this transformation, the 'H NMR spectra of both molecules will display similar patterns of signals 
at approximately the same chemical shift values. The only significant difference is that the product 
will have a singlet attributed to the presence of the methyl group attached to the ester oxygen atom. 
This signal will appear at about 6 3.7. 


'H NMR spectrum 
^ F R 7 (> 53.7, 3H, singlet 
HC. 7C. 70 —- HCL LC. VL E 
C C C 3 
/N ll LN I 
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21.27. (continued) 


In the 9C NMR spectra, the signals attributable to the carbonyl carbon atoms may have different 
chemical shift values, but the biggest difference will be a appearance of a signal in the aliphatic 
region of the product spectrum for the methyl group attached to the ester oxygen atom. 


13C NMR spectrum 
H H H H 5 40-60 
3H (DEPT) 
——— 
H MN Jl Hae oS OCHS 
8 165-185 ~~ 35175 
HH 6 0H (DEPT) HH jg (DEPT) 


b. For this transformation, the !H NMR spectra of both molecules will display similar patterns of signals 
in the aromatic region. The starting material will have the doublet/septet pattern associated with the 
isopropyl group (Figure 13.11), and the product will have a signal attributable to the acid proton at 
about ô 12. This signal will disappear when the sample is treated with D20. 

The carbon NMR spectra will be similar to each other in the carbonyl and aromatic regions. The 
biggest difference will be the signals for the starting compound in the aliphatic region that are 
associated with the isopropyl group. These signals will be absent in the spectrum of the product. 


1H NMR spectrum Z 81.0, 6H, doublet 
GHs [e] 
ll 
oot | ———- e oid 
54.8, 1H, septet M 512, 1H 
"el H3C exchanges with D20 
y 
3 peng 4H, two doublets 5 7-8, 4H, two doublets 
13C NMR spectrum 8 155-175 — 
[*] CH OH (DEPT) o $6 z 
IIT T F 0H (DEPT) 


[o ae Cy 
O U Se — Jof OH 
H3C ux 5 10-60 2 resonances H3C 


1 with 3H (DEPT) 
1 with 1H (DEPT) 


21.28. Both transformations in Exercise 21.26 represent interconversion reactions of carboxylic acid 
derivatives. 


a. This transformation constitutes the conversion of an acid chloride to an ester. 


H H H H 
HC C.-C! OHOH. NER o HSC CL OCHS oe ici 
ZX FN 
HH | HH JD 


b. Thistransformation comprises the hydrolysis of an ester to form a carboxylic acid. 


O CH; o 
LU l LU 


c. cH 
O O^ s CH3 H3O*, A 
H3C H 
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21.29. To predict the structures of the products in each of the following transformations, learn the details 
of each reaction type, which can be found in the reaction summary section of the chapter. In some of 
these transformations, reactions from previous chapters are included. 


a. 


An ester (a lactone in this instance) reacts with excess Grignard reagent to form a tertiary alcohol 
with two like groups bonded to the alcohol carbon atom, which is the original carbonyl carbon atom. 
The alkoxy portion of the original ester becomes an alcohol itself. For lactones, this "other" alcohol 
group remains part of the molecule. The product is achiral. 


o HO. CH2CH; 


1. CH3CH2MgBr (xs), ether 
CX e Gun achiral 
+ 
2. H30 OH 


Aldehydes are not oxidized by chromium oxide in pyridine, so after step 1, the aldehyde is 
unchanged. An aldehyde reacts with a primary amine to form an imine (Section 20.1a). 


1. CrOs, pyridine, CHCl, H 


CHO | ————————- N^ Ph achiral 
Moss 2. PhNH3, TSOH, A 


Acid chlorides react with most nucleophiles to form carboxylic acid derivatives. A thiol reacts with 
an acid chloride to form a thioester. 


cl CH4CH;CH;SH SCH;CH;CHs 
MX —————- MX achiral 
b NEt,, CH;Cl b 


Esters react with amines to form carboxamides with expulsion of a molecule of alcohol (methanol in 
this reaction). 


PhNH», A PhHN 


o 
aiio diii — —Ó9 b i + CH4OH 


o O  achiral 


A carboxylic acid reacts with thionyl chloride to form an acid chloride, which, in turn, reacts with the 
amine to form a carboxamide. The amide is reduced by lithium aluminum hydride to form the 
corresponding amine. Because the last step comprises acid workup, the ammonium ion is the actual 
product under these conditions. Addition of aqueous base would yield the amine itself. 


fe) 
"wd 1. SOCL 3. LiAIH,, ether pw 
OH ——.————P NHCH,CH; 7. e NH;CH;CH 
2. CH4CH2NH; 2779. 4. HgO* rre 


achiral 


Carboxylic acids react with primary alcohols in the presence of strong acid catalysts to form esters. 


o o 
ü ^ CH4CH;CH;OH enenene SS) sas 
TsOH, A 


A carboxamide undergoes hydrolysis in aqueous acid to form the corresponding carboxylic acid and 
amine molecules. When acidic conditions are used, the ammonium ion is the actual nitrogen- 
containing product that is formed. 
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21.29. (continued) 


H3O*, A . Py 
—————— 
achiral H achiral 


[e] 


Ozonolysis of an alkene followed by oxidative workup yields a carboxylic acid if the alkene carbon 
atom has a proton attached and a ketone if the carbon atom has no hydrogen atom substituent. A 
cyclic alkene yields a difunctional product. In this transformation, the product contains both ketone 
and carboxylic acid groups. 


C- 1-03 o 
CH; ————- COOH  achiral 
2 H203 H2C 


An acid chloride reacts with an organocuprate reagent to form a ketone. Acid chlorides are prepared 
from the corresponding carboxylic acids by treatment with thionyl chloride. 


(0) Oo 
oH 1- SOCh T — 
2. Li;Cu(CN)(CH3); 


Aldoses react with aqueous bromine solution to form aldonic acids (Section 19.5b). These oxidized 
carbohydrate derivatives can exist as lactones. 


CHOH CHOH 
o o 
vs en Bry, H20, pH 5-6 LU a 5 diss 
OH (a and p) ony 
OH OH 


Aldehydes react with hydroxylamine to form oximes, which in turn can be dehydrated to form the 
corresponding nitriles. The chiral center is not affected by the reactions at the aldehyde group. 


o 1. NH2OH 
B — B retention 
H 2. P4049. A 


A primary alcohol is oxidized in aqueous solution to form a carboxylic acid. Reaction of the 
carboxylic acid with alcohol and a strong acid catalyst yields the corresponding ester. 


EM 1. KMnO,, OH- JA. 
i 

hiral 

OH 2. CH4CHOH, TsOH, A GODCHZCH3; was 


21.30. To deduce what reagents can be used to prepare a carboxylic acid from a given starting material, 
learn the details of each reaction type, which can be found in the reaction summary section of the chapter. 


a. 


Oxidation of a primary alcohol with an aqueous solution of a metal-based oxidant yields a carboxylic 
acid (Section 11.4c). 


CH5OH n COOH 
or H2CrO,4, H30 O 
—!Ó 
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21.30. (continued) 


b. 


An alkyl chain attached to a benzene ring can be oxidized with potassium permanganate to form a 
benzoic acid derivative (Section 17.4a). If the oxidation step is done in basic solution, an acid workup 
step is needed to obtain the carboxylic acid itself. 


CH2CH3 4. KMnO, OH* COOH 
— mr 


2. H,0* 


A nitrile is hydrolyzed with aqueous acid or base to form the corresponding carboxylic acid. 


CY H3O*, A C 
—— ——- 


Bromobenzene can be converted to the aryl Grignard reagent, which in turn reacts with carbon 
dioxide (Section 15.2b) to form benzoic acid after the aqueous acid workup step. 


CY 1 Mg, THF COOH 
2. 2 co 
3. H30* 


An amide undergoes hydrolysis with aqueous acid or base to form the corresponding carboxylic 
acid. 


[e] 
D] 


C. COOH 
CT NHCH, . H40*^^. ,9f 


Ozonolysis of an alkene followed by oxidative workup yields a carboxylic acid if the alkene carbon 
atom has a proton attached (Section 11.3b). 


CH=CH, 49, COOH 
O == 
2. H202 


21.31. Use the data listed in Table 14.5 to differentiate among the carboxylic acid derivatives by the 
positions and shapes of their IR absorption bands. 


a. 


This spectrum has a strong C=O stretching vibration at 1720 cm? with an equally strong band at 
approximately 1230 cmi, The molecule producing this spectrum is an ester, RCOOR’. 


This spectrum has a strong C=O stretching vibration at 1800 cm!. The molecule producing this 
spectrum is an acid chloride, RCOCI. 


This spectrum has a strong C=O stretching vibration at 1690 cm? with a broad, medium intensity 
band between 3500 and 2500 cm!. Note that there are several peaks resulting from C-H stretching 
vibrations around 3000 cmt, which may distract you from seeing the broad peak under them, but if 
you compare this region with the same region in the other spectra, you can see that this one looks 
quite different. The molecule producing this spectrum is a carboxylic acid, RCOOH. 
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21.32. Use the data listed in Figure 13.23 and Table 13.4 to differentiate among the carboxylic acid 
derivatives by the chemical shift values of their carbonyl carbon atom resonances. 


a. This spectrum has a weak signal at 5 168, which is in the range expected for the ester carbonyl 
resonance. 


b. This spectrum has a medium intensity signal at ô 175, which is in the range expected for the amide 
carbonyl resonance. 


c. This spectrum has a signal at 6 120, which is in the range expected for the cyano carbon atom 
resonance of a nitrile. 


21.33. Hydride and organometallic reagents differ in their patterns of reactivity toward various types of 
carbonyl compounds. As with any reaction, learn how the reagents react with different functional 
groups as described in the reaction summary section of the chapter. In some of these transformations, 
reactions from previous chapters are included. 


a. Sodium borohydride is capable of reducing the ketone functional group, but not the ester. Therefore, 
the 2° alcohol is produced. A new chiral center is formed, so the product is racemic. 
o NaBH, 
——————— 


OH 
puru pup 


b. Lithium aluminum hydride is capable of reducing all types of carbonyl groups. A ketone is 
converted to a secondary alcohol, and an ester is reduced to form an alcohol group. The alkoxy 
portion of the ester is converted to an alcohol molecule as well (methanol in this reaction). 


racemic 


o 1. LiAIH, OH 
E E 3 2. H30* . OH 
racemic 


c. Lithium aluminum hydride reduces an ester to form two molecules of alcohol. A lactone is therefore 
converted to a diol. Because an ester is reduced by breaking the single bond between the carbonyl 
carbon atom and the oxygen atom, the stereochemistry of the chiral center is not affected during this 
particular transformation. The alkoxy portion of the lactone remains in the structure of the product, 
unlike the case in part (b.), in which the alkoxy portion becomes a separate product. 


L. 4: 1 UAH, ERA 
OH retention 


2. H30* OH 


d. An ester (a lactone in this instance) reacts with excess Grignard reagent to form a tertiary alcohol 
with two like groups bonded to the alcohol carbon atom. The alkoxy portion of the original ester 
becomes an alcohol itself. For lactones, this “other” alcohol group remains part of the molecule. 
Because a lactone reacts by breaking the single bond between the carbonyl carbon atom and the 
oxygen atom, the stereochemistry of the chiral center is not affected during this transformation. 


1. CH3MgI 
fe ata s He OH retention 
2. NH,* 
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21.34. The Friedel-Crafts acylation reaction provides a straightforward way to make an aryl alkyl ketone 
such as 1-phenyl-l-butanone. Using organometallic reagents, you can exploit the low temperature 
reaction between a Grignard reagent and an acid chloride. Reaction of an acid chloride with an 
organocuprate reagent is usually more reliable. 


[e] 
O 1. CH3CH2CH2CH2COCI, AICl, e 
4. ————— 
2. H4O* 
fe) 
" C 1. Mg, THF [ees 
" ————À 
2. CH3CH;CH;CH;COCI, -78°C 
fe) 


Br 1. Li, hexane 
3. 2. CuCN 


3. CH3CH;CH;CH;COCI 


21.35. In this chapter, you were introduced to reactions that interconvert carboxylic acid derivatives. In 
the retrosynthetic analysis of acid derivatives, look particularly for disconnections at the carbonyl group. 
If the synthetic goal has a ring as part of the carbon skeleton, consider ways to include the ring as a 
starting material. There are several ways to prepare the molecules shown below. Only one route for 
each is presented. The molecules shown in color are the organic starting materials. 


a. The reaction of a Grignard reagent with carbon dioxide is one of the simplest ways to prepare a 
carboxylic acid. 


Retrosynthesis Synthesis 1. Mg, ether 


200 
pur = ENT pue COOH 


he — 


b. The carboxylic acid group is a meta director, so it can be used to introduce a bromine atom 
substituent that is subsequently be replaced by the methyl group using lithium dimethylcuprate. 
(Direct introduction of the methyl group by Friedel-Crafts alkylation is unlikely because a meta 
director deactivates the ring too much). The carboxylic acid group will have to be protected as its 
ester derivative before the organocuprate reaction in order to avoid an acid-base reaction. 
Hydrolysis of the ester group in the last step will regenerate the carboxylic acid group. 


Retrosynthesis 


COOH Br COOH COOH Br 
"x 0 0 O 
_1. Mg, ether © COOH Br,FeBr, Br COOH EtOH 
——] a ——— 
C 2. 2009 O * TsOH 


3. H30* 


Synthesis 


1. Li, hexane 


CHI 
2. CuCN 


LiCuCN(CH3); 
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21.35. (continued) 


c. The carboxylic acid group can be introduced by means of a Grignard reaction, but the aldehyde 
group must first be protected as its acetal derivative. After the Grignard reagent is made and treated 
with carbon dioxide, the acetal group is converted back to the aldehyde group using aqueous acid. 


Retrosynthesis 


iini OP meds > ono = Di di aud 


Synthesis 


o 1. Mg, ether 
aem HOCH;CH;OH C 2. CO; HOOC CHO 
TsOH 3. H30+, A 


21.36. The Wohl degradation converts an aldose to the aldose having one less carbon atom. Cleavage 
occurs from the aldehyde end. The first step is an addition-elimination reaction between the aldehyde 
group and hydroxylamine, which produces an oxime (steps 1-4). 


o Pas HO 
H, A I at dd: H.. Z2 NOH 


i m "cé anon Y "e 


OH PE H ud E H OH 
"m H OH 
' 


L 
Next, the oxygen atom of the oxime reacts with acetic anhydride via an addition-elimination process 
(steps 5 and 6) to attach an acetyl group to the oxime oxygen atom. Ethoxide ion then reacts to in an E2 
reaction (step 7), which produces a nitrile by loss of the elements of acetic acid. The product of step 7 is a 
cyanohydrin, which is not stable toward base (see section 18.2b), so HCN is eliminated to generate the 
aldehyde group (step 8). The carbon chain of the carbohydrate is thereby decreased in length by one 
carbon atom. 


HC (© A 
H NS: Hau ZN-* pre H, ZN 
la AR, „COCH; hd € B ‘Se oo B 
OH H OH — H OH 


— CH4COOH 
OH © H OH : H OH 


+ EtOH + CH,COO- 
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21.37. The Wohl degradation, described in Exercise 21.36, converts a carbohydrate to its next lower 
homolog. The configurations of the chiral centers that appear in the product are not affected. 


a. CHO b. c. 
HO H CHO CHO CHO 
HO H HO H H OH CHO H OH CHO 
H OH —> H OH H OH —> H OH HO H —» HO H 
H OH H OH H OH Ta HO H ES 
CH;OH CH3OH CH;OH CH;OH CH5OH CH;OH 
D-Mannose D-Arabinose D-Ribose D-Erythrose L-Arabinose L-Erythrose 


21.38. The Wohl degradation, described in Exercise 21.36, converts a carbohydrate to its next lower 
homolog. The configurations of any chiral centers that appear in the product are not affected. The 
starting carbohydrate used to prepare a particular sugar can have either configuration at the carbon atom 
that becomes the new aldehyde group (that is, C2), because the chirality of that center is lost during the 
transformation. Note that these processes are shown in the retrosynthetic format whereas the answers to 
Exercise 21.37 were given in the synthesis format. 


a. b. CHO CHO 
CHO CHO CHO HO-]—H H—— OH 

CHO H—]—OH HO-1—H H—]-OH © H-T-OH o H- OH 
HoH => ae T ad es HO—}-H HO-1—H 


CH20H CH20H CH20H CH5OH CH2;OH CH20H 
D-Glyceraldehyde D-Erythrose D-Threose L-Threose L-Xylose L-Lyxose 
c. CHO CHO 

CHO H OH HO H 
H-]-OH => H-7-OH o~ HOH 
a H OH H OH 

CHOH CH20H CH20H 
D-Erythrose D-Ribose D-Arabinose 


21.39. Follow the procedure outlined in the solution to Exercise 14.21. 


a. From the given molecular formula, CiH«O, calculate the number of unsaturation sites: [2(4) + 2 - 6]/2 
= 2 sites of unsaturation. This compound contains two double bonds, a triple bond, two rings, or a 
double bond and a ring. 

The IR spectrum displays bands that can be associated with the COOH group: 1690 cm! (vs) and 
a broad, strong intensity band between 3500 and 2500 cm’. 
The data from the proton NMR spectrum are summarized in the following table: 


Chemical Integrated Assignment Multiplicity No. adjacent 


shift (ppm) intensity protons (n) 
12.1 1 COOH singlet 0 H P mnm 
6.20 1 =CH singlet 0 PU 
5.75 1 =CH singlet 0 H CH3 
1.95 3 CH, singlet 0 
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21.39. (continued) 


Note the presence of the three general features deduced from the NMR spectrum: a COOH proton, 
two alkene protons, and three aliphatic protons. The spectrum only has singlets, so the hydrogen 
atoms are all separated by more than three bonds. The only structure that can produce such a 
spectrum is 2-methyl-2-propenoic acid, which has two double bonds (C-O and C-C), hence two sites 
of unsaturation. 


b. From the given molecular formula, CcHi1ClO», calculate the number of sites of unsaturation. Thus, 
[2(6) + 2 - 11 - 12-7 1 site of unsaturation. This compound contains either a double bond or a ring. 
The IR spectrum displays bands that can be associated with the ester group [1740 cm! (vs) and 
approximately 1200 cm? (vs)]. 
The data from the proton NMR spectrum are summarized in the table below. Only aliphatic 
protons are present, and the splitting patterns clearly show an ethyl group (triplet and quartet), and 
three other features that can be attributed to the presence of a 1,3-propylene group. Putting these 
fragments together along with the Cl atom and the ester functional group yields the structure of this 
molecule: Ethyl 4-chlorobutanoate. The methylene group that produces the signal farthest 
downtield has to be attached to the oxygen atom of the ester group, and it must be adjacent to the 
methyl group because its signal appears as a quartet. 
Chemical Integrated Assignment Multiplicity ^ No. adjacent 
shift (ppm) intensity protons (n) 

4.2 2 CH2 quartet 3 

3.6 2 CH; triplet 2 ethyl group 

: 2 quinte group 
1.3 3 CH3 triplet "d Sha as 
CI- CH: CH?: CH;- C 

—(€———————————— Si d V 


21.40. Friedel-Crafts acylation reactions occur through the participation of an acyl cation. An acyl cation 


can 


be created from an anhydride by complexation of a carbonyl group with aluminum chloride (step 1). 


The benzene ring intercepts this cation (step 2), and the aromatic ring is regenerated by removal of a 
hydrogen atom (step 3). Hydrolysis of the oxygen-aluminum bond completes the reaction (step 4). 


t - - 
o O—AIC O—AICI 
€ Er m / " 
H2C^ ^ H2C^ 4s H207 & 
| O + AICls = [e] ——- 
HC. / HC Y Hua n 
C C C 
\ > o 


+ i + p 


Solutions to Exercises for CHAPTER 22 


THE ACID-BASE CHEMISTRY OF 
CARBONYL COMPOUNDS 


22.1. The dianion of a phosphoric acid derivative is stabilized by the delocalization of unshared and 
z electron pairs among the terminal oxygen atoms. 


Hors He] :0:7 
| Il | 


oZ NOR — sage COR — 29 NOR 
3: T0: "O: 


22.2. The dissociation of a proton from oxalic and malonic acids produces a monoanion that can form a 
hydrogen bond in a five- or six-membered ring. Acids that have additional carbon atoms between the 
carboxylic acid groups would have to form larger rings, which are entropically less favorable. 


H, H. 
gU ww G^ uw 
C=C c Cc 
fm M 
“en oT "e^ ^o 
[9] O H2 
Oxalic acid, Malonic acid, 
monoanion monoanion 


22.3. Two electrophilic centers are present in butanoamide: the protons bonded to nitrogen and the 
carbonyl carbon atom. In N,N-dimethylbutanoamide, the only electrophilic center is the carbon atom of 
the carbonyl group. Thus, butanoamide can either undergo an acid-base reaction to form a resonance- 
stabilized anion or it can undergo addition, which leads to hydrolysis (dashed arrow, subsequent steps 
not shown). On the other hand, the dimethyl derivative only undergoes nucleophilic addition to the 
carbonyl group, which leads to hydrolysis (dashed arrow, subsequent steps not shown). 


oO [9] 
Il ~ Hl 
pe b » a p p x - 
CH3CH5CH5 NH2 + OH ==  CH3CH2CH2 NH + H20 
- For butanoamide, these two 
n HA P processes are in competition. 
C z + OHT = Uis, --- 1 
CH3CH2CH7 E "i CH3CH32CH7 NH2 
[e] HO O^ 
Il bj N 
+ ie =--> 


pum OH™ ves 
CH3CH2CH2 A NCHso d CH3CH2CH2 N(CH3)2 
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224. The enol form of phenol is aromatic (6 x electrons). OH o 


Recall from Section 17.1a that the resonance energy of a H 
benzene derivative is substantial (> 30 kcal/mol), so it H 
more than offsets the normal high stability of the C=O e INED) 


double bond. 


225. In the conversion of glyceraldehyde-3-phosphate to dihydroxyacetone phosphate, protonation 
of the aldose carbonyl group (step 1) leads to formation of the enediol (step 2). Protonation of the 
enediol double bond (step 3) followed by deprotonationof the OH group at C2 yields the ketose (step 4). 


+ 

E gee 7N Bt Ha, en 

MEE * HO" © Filed ds 3 NE l g * Hao” 
CH20PO3% te T. i aste 

Hs, OH "d OH n| OH 
E. on + H0!  —— EST S ——— = + H30* 
— - © — 


22.6. The proton attached to the alpha carbon atom of phenylalanine ethyl ester is slightly acidic 
(pK, ~ 25). This proton can be removed by base to form the enolate ion derivative. Protonation can occur 
at either face of the enolate double bond, which creates the enantiomeric forms. 


p l "a 
H CH;Ph put H 
1 » , 


CH;Ph " 
; OH”, H20 RE, e  Fhen 
C OEt C. OEt C. __OEt 
NH ^c^ © NHz;^ Sc~ © w^ ^c^ 


ci Ct 


22.7. Each round in the iodination of a methyl ketone consists of two steps: formation of the enolate ion 
(steps 1, 3, and 5) and reaction of the anion with I,, displacing iodide ion (steps 2, 4, and 6). 


wO [9] o 
| M 9 ] 

a OH, I u NA M 
R H 122 aos oe! | R D ub 
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228. At low temperatures (usually -78 °C), the kinetic enolate derivative of a ketone is formed by the 
removal of a proton from the less highly substituted alpha carbon atom. If this enolate ion is allowed 
to warm to room temperature with a small amount of ketone added to the solution, the thermodynamic 
enolate ion (the one with the more highly-substituted double bond) is formed. 


a HH H H 
= 
p LDA, THF, -78°C warm to «i odi 
—— Pe 
- HN(iC3H7)2 25°C 
[ © 
b. H H H LDA, THF, -78°C "7 H X warm to H H 
en ————- 
-HN(iC3H 2)2 "M 25°C A 
O- Lit O-Li* 


229. Both of the compounds in this exercise are prepared by alkylation reactions that occur between a 
ketone enolate ion and a reactive 1° alkyl halide [benzylic in (a.) and allylic in (b.)]. The starting 
compounds are shown in color. 


a. Retrosynthesis 


[9] [0] 
+ 
i. = CH3 , Br = 
GO sos 


Synthesis 
[9] o Li* 


o 
CH, LDA, THE (^ Acn, PhCHjBr (^s 
Sie uu C 


b. Retrosynthesis 


We dior odiis 


Synthesis 
_LDA, THE RE. » 
c 
e t — d: i 
Oo 


22.10. In the given transformation, the first step generates an enolate ion from the ketone moleaule. 
Only one of the alpha carbon atoms has protons, so there is only one possible enolate ion that can form. 
The enolate ion reacts with PhSeC] to form the phenylselenium derivative. Oxidation with hydrogen 
peroxide in step 3 leads to formation of the selenoxide derivative, which then undergoes elimination of 
PhSeOH to form the unsaturated ketone product. 


“ps 
LDA, THF. PhSeCl 
E SePh 
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22.11. An enolate ion is formed by deprotonating the ketone at its alpha carbon atom. This nucleophile 
reacts with diphenyl disulfide at one sulfur atom, displacing the phenylthiolate ion as a leaving 


group. 


Cy oe 
fis LDA, THF THF phs Sen apne 
A EI NN 
C0 H SPh 


22.12. Lactones form enolate ions in the same way that ketones and esters do, by deprotonation at the 
position alpha to the carbonyl group (reactions 1 and 3). The alkylation reactions (reactions 2 and 4) 
are Sy2 processes in which the enolate ions serve as nucleophiles. 


H H H 
i s O Oo = [0] Il O 

o — eC ———z o 
: 1 Pay [2] Sy 

H H H H CH3CH2CH?CH-CH2 


vO r Or 


H CH;CH2CH2CH-CH2 H ieee 


This molecule is saddle-shaped, so the bottom face of the lactone ring is less hindered, and alkylation 
occurs from below the ring (as drawn below) in steps 2 and 4 of the preceding scheme. 


22.13. In any retrosynthesis that makes use of an ester enolate ion, work the target molecule back to an 
ester derivative and consider which primary alkyl halide is needed for the carbon-carbon bond forming 
reaction. If a two-carbonester is identified as the starting material, tert-butyl acetate is used instead of 
ethyl acetate (to prevent condensation reactions). The starting compounds are shown in color. 


a. The required ester reacts with LDA at low temperatures to form its enolate ion derivative; 
alkylation is followed by hydrolysis with hot, aqueous acid to liberate the carboxylic acid 
product. 


Retrosynthesis 
adi COOH en cl 
| « —A l COOCH3 * EZ 
mf m cl 


CI 


Synthesis JL 
b anu LDA, THF ERN. P Um 
| —— | Ye 
l 78°C 


; Ci ( ^N COOH 
H 5 Ss ‘ocH; 2 H30+,A Ses 


CI 
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22.13. (continued) 


b. The required ester reacts with LDA at low temperatures to form its enolate ion derivative; 
alkylation is followed by reduction to form the primary alcohol molecule. 


Retrosynthesis 
p > Pre Macs > Nan” + CH3COOR 
Synthesis 
bg aaa b diis PE Missa 
o -78°C o- 2. LIAIH4 
3. H30 


22.14. The resonance forms for the anions of diethyl malonate and ethyl cyanoacetate are like those 
that can be drawn for ethyl acetoacetate: The negative charge and electron pair are delocalized onto 
the appropriate atoms of the cyano and/or carbonyl groups. 


Diethyl malonate 


ll ll i Pi ll T l ll 
C M Cu au <> Ze <> Ca 
EtO~ "c^ "ott Eto ^ "C^ "ott Eto "c^ "ott EtO~ "c^ “oet 
rs | \ | 
H H H H H 
Ethyl cyanoacetate » 
i i i T if 
N N: N N: 
Z ——- Z sm ZB 
[e c^ C. x07 A (0) <> Cx 367 
Eto~ Ser Eto~ ~c~ Eo" "c? Eto~ "c^ 
As I 


22.15. An active methylene compound has the form Z-CH;-Z', where Z and Z’ are electron 
withdrawing substituents, often carbonyl groups. (A compound that has two or more "Z-groups" may be 
called an "active methylene compound," even if it is actually a methine derivative.) To use these 
types of compounds in synthesis, base is added to a solution of the p-dicarbonyl compound (step 1), and 
the resulting enolate ion is treated with the appropriate alkyl halide (step 2). 


a. o o 

Pu 1. NaOEt, EtOH p 

( Y —————————M€ <L 

oJ Ħ 2. BrCH2(CH2)sCOOEt \ y CHACHJSCOOEL 
b. 


[o [o 
A 1. NaOEt, EtOH errs 
————ó 
COOEt — 2. CeHCH3Br COOEt 


22.16. To plan the retrosynthesis of a carbonyl compound in which alkylation will be a key step, 
attach an ester group at the position alpha to the carbonyl group of the given product. If the product is 
a carboxylic acid, think of this acid group as its ester derivative. Then consider which alkylating 
agent is needed to prepare the carbon atom skeleton. The last step of the synthesis will comprise the 
hydrolysis/ decarboxylation procedure, which hydrolyzes any ester groups present. Decarboxylation 
will occur if a carboxylic acid group has a carbonyl group at its beta position. The starting materials in 
the following procedures are shown in color. 
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22.16. (continued) 


a. The given ketone is evaluated as its f-keto ester precursor; the cyclobutane ring is made by the 
double alkylation of ethyl acetoacetate with a dihaloalkane. Hydrolysis/decarboxylation is 
carried out by heating the diester in aqueous acid. 


Retrosynthesis 
o y COOEt CI COOEt 
O = des — g à 
CH; a o Br (0) 
Synthesis H3C H3C 
o 
"m 1. NaOEt, EtOH GOUEU idis. o 
| CH3 
COOEt 2. BrCH?CH5CH5CI [9] CH, 
3. NaOEt, EtOH H3C 


b. This carboxylic acid is evaluated as its diester precursor. Hydrolysis/ decarboxylation is carried 
out by heating the diester in aqueous acid. 


Retrosynthesis 
Civ. e 8 a ail — NA, : peers: 
Synthesis COOEt COOEt 
£OOF! — 4 NaOEt, EtOH coop, M soon 
coort 2 B'CH2CH2CH2CH3 ZARIEN 


COOEt 


22.17. To prepare a primary amine from a primary alkyl halide having the same number of carbon 
atoms, use a substitution reaction in which the nucleophile can react with only a single equivalent of 
RX. Insuch cases, the azide ion is a best suited, and it can be converted to an amine by hydrogenation. 


1. NaNa, DMF 
wa, ——— Pie a 
Br ^ 2 Hp, Pd/C NH2 


With 1-aminobutane in hand, we can prepare the dialkyl and trialkyl analogs by attaching alkyl 
groups, one at a time. An easy way to accomplish sequential alkylation of an amine is by use of 
acylation followed by reduction of the corresponding carboxamide. We first convert 1-bromobutane to 
butanoyl chloride via substitution, oxidation, and reaction with thionyl chloride. 


1. NaOH, DMSO COOH 
OST Sr ————— e Ow 


2. CrO3, H2804 


SOCI,, A 
2 PauU 


Reaction of the acid chloride with 1-aminobutane yields the corresponding carboxamide; reduction 
using lithium aluminum hydride generates the P6 amine. 


NH2 del 1. LiAIH,, ether 
COCI END NUS 4 
ANSAN —— 
ANI ———— DT 


NaOH, H5O JN? 
3. OHT 
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22.17. (continued) 


Tributylamine can be made in similar fashion to that used for the synthesis of dibutylamine: Reaction 
of butanoyl chloride with dibutylamine is followed by reduction with lithium aluminum hydride. 


(0) 


COCI 1. LiAIH4, ether 
(CH3CH2CH2CH2)2NH Delia ansa PP H — ~ M ( [o euer a 
NaOH, H20 (BU2 ^ H30* 3 
3. OH" 


2248. The steps of this transformation follow the same ones shown for the corresponding Hofmann 
rearrangement carried out in water. The only difference occurs at the end: A carbamic acid molecule is 
not formed, so decarboxylation does not take place. Instead, a carbamate ester is the final product. 


| @) $ Ù © " | 

H H H 
go ü T "uii nr a 
pd Cs Br —— O-C-N-R * Br 
cV sf O RN @ 

H < 

f ~ -och aco adl M nts HsCO, P 
OZC—N-R = i N-R = E + “OCH; 
" ©) O- (6) (0) R 


A carbamate ester 


22.19. The reaction of hydrazine with a benzimide derivative starts with addition of the hydrazine 
nitrogen atom to one of the carbonyl groups (step 1). The tetrahedral intermediate can then collapse to 
regenerate the carbonyl group. At the same time, the imide nitrogen atom removes a proton from the 
hydrazine group to form the carboxamide /hydrazide derivative of phthalic acid (step 2). The same 
two steps ocaur again, except that the other nitrogen atom of the hydrazino group is the nucleophile. 


[9] N E 
7o m -O” NH,NH \\ 
Rel ox, E [x 2912 A 
Ka NH2NH2 > c NHNH» 
" R —— a R —-—— ". HR 
~ © ~% (2) lic if 
[6] [9] fe 
Q o, o 
w——— I * RNH2 
© m 
[9] 


2220. To draw the structure for the conjugate base of a carbonyl compound, first, interpret the name of 
the starting compound (the "acid"). Then identify the most acidic proton (shown in color in the 
following structures), which is normally the one alpha to a carbonyl, sulfonyl, nitrile, or nitro group. 
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2220. (continued) 


If two electron withdrawing groups are present, the most acidic proton is attached to the atom between 
them. 


a. H H 


H 
Nu | 
Ss "DoHs C "06r 
[D [ 
[9] 2 


Methyl phenylacetate 


b. H H H 
RXV es Aw 
o o- 


Ethyl 4-methylpentanoate 


ü H CN CN 
Me —e Ar 
[9] o 
3-Cyano 2-butanone 
d H H H 


1,3-Cyclopentanedione 


2221. To draw the structure of the enol form of a carbonyl compound, first interpret the name of the 
starting compound, then change the C-O group to a C—OH group. Remove a proton from the carbon 
atom adjacent to the carbonyl group and insert a double bond between the original carbonyl carbon atom 
and the adjacent carbon atom. For a f-keto ester, the ketone carbonyl group forms the enol derivative 
more readily than the ester carbonyl group. 


a. OH b. [9] OH 
H3C 
aad » geh n Zu 
H3C^ 
H H H 
2,2-Dimethylcyclohexanone Pentanal 
oO ds, di d. H H 
oO [e] (0) OH 
— ——— 
Ze nd 
H R H 


lsopropyl acetoacetate 1,3-Cyclohexanedione 


CHAPTER 22 / THE ACID-BASE CHEMISTRY OF CARBONYL COMPOUNDS 379 


2222. Follow the procedures outlined in the solutions to Exercises 2.2 and 2.4. 


a. 0 H :0 H [057 
| ws v Il ] 
NM Ca Cy 
| adi A m "NO: a yao: 
b Ot -CH3 [9] CH3 
| 
H -—— Zu 
70 CH3 70> CH; 
| 
— > fA H <~— > cT—— > (^ 1 H 
`H i 
c. T id T 
i S-,,, — S sos -— ` Sus 
MT s OCH c ET d 
o7 N OCHs «oT OCHS 107 OCHS 
sO "O's UO: 
d. 


"i " H iex 
a UN o T i E AE aa 
SN O: -—— *N O: AP—. N O: 
o ea — oa “Os = 


22.23. Use the pK, values given in the table on the inside front cover to evaluate the acidity of each 
type of proton. Generally, a proton attached to an oxygen atom is relatively acidic. If unsaturation is 
present, then acidity increases (i.e., a phenol OH group is more acidic than an alcohol OH group). Ifno 
proton is attached to a heteroatom, the most acidic proton is the one bonded to a carbon atom adjacent to 
one or more carbonyl groups. A sulfur atom also increases the acidity of protons attached to the adjacent 
carbon atom. 


a. H b. pr: G CHOH d. [ H e. H H 
H3C OCH3 
n AS Mo 9 
[e o Oo o 
da) 


pKa ~ 20 pKa - 5 pKa - 10 pKa « 20 pK, - 10 
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2224. Ethyl acetoacetate has two carbonyl groups, so two carbanions can be stabilized by 
delocalization with the a bonds of the adjacent carbonyl groups. The protons attached to the 
methylene group have a pK, -12, and the protons attached to the terminal methyl group have a pK, 
~20. 


[9] [9] DQ: 1:9: :0 Hor He) :0 
I i LDA | ji "NE l c. de. di 
C. C — C we» “= C ae Me Eo 
He” "c" ‘OCH, THE Hg "c* "och, Hyc^ "c noci HC^ "c^ “OocH, 
/\ | | | 
H H H H H 


22.25. Assess the acidity of each compound by looking for structural differences that are based on the 
relative electronegativity values of any substituents, the identities of the atoms to which the acidic 
protons are attached, and the possibilities for delocalization. 


a. Basedonelectronegativity influences alone (O > Cl > H), the methoxy group is the most electron- 
withdrawing substituent, so 2-methoxypentanoic acid should be the most acidic molecule shown 
below. Pentanoic acid itself is the least acidic. 


H. OCH3 H C H H 


COOH COOH COOH 


b. A proton attached to a sulfur atom is generally more acidic than one attached to oxygen. The nitro 
group on the benzene ring is an electron withdrawing substituent, so it makes the proton of the 
carboxylic acid group even more acidic. Even though a methyl group is an electron donating 
substituent, benzoic acid derivatives with a group in the ortho position are more acidic than benzoic 
acid itself. 


COSH COOH COOH x COOH 
NO NO2 CH3 Zu 


c. Protons adjacent to a carbonyl group are relatively acidic, but for esters and amides, the 
delocalization of electrons from the oxygen or nitrogen atom into the carbonyl group offsets some of 
the resonance stabilization that the carbonyl group provides to a neighboring carbanion. An amide 
is even more stabilized than an ester, so it is expected that its a protons will be less acidic than the 


a protons of an ester. 

Oo [9] (0) 

c > C > : 
AC. Sons ACA ocu, A" NNC H 


oO [9] 
<> <> 
RS A RS pu RA RS pu 
H " H> 


N(CH3)2 E N(CH 3)2 


2226. Wecan divide the compounds in this exercise into two groups. The first group of compounds have 
pKa values >20, which requires LDA in order to form their enolate ions. This group includes ketones, 
esters, and nitriles with a protons. The other compounds have two carbonyl groups (f-diesters, p-keto 
esters, and f-diketones), which can be deprotonated using NaOEt in ethanol. 
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2226. (continued) 


Starting material pK, value Base and solvent Product from reaction with R"X 
[9] [9] 
ll r 
R Cc R Cc 
err 20 LDA, THF, -78°C “er IR 
7Y PN 
H H H R" 
oO [e] 
ll ll 
R Cc R Cc 
"o^ OR’ 25 LDA, THF, -78°C "c^ TOR 
EN TN 
H H H R" 
R C=N R C=N 
a, o NV 
C 25 LDA, THF, -78'C C 
EN FA 
H H H R" 
Starting material pKa value Base and solvent Product from reaction with R"X 
ll Il M Il 
PO Tr i Ay A. 
C OR' 11 NaOEt, EtOH R C OR' 
EN JAN 
H H H Æ 
oO 
ll Il li Il 
Cc Cc c 
RO^ ^c^ ~or' 14 NaOEt, EtOH RO^ ^c^ "om 
LUN ZN 
H H H R" 


2227. In acid solution, (E)-5-methyl-3-hexen-2-one is protonated at its carbonyl group to form a 
carbocation (step 1). The allylic nature of this cation leads to formation of a dienol when deprotonation 
occurs at the y-position(step 2). Tautomerism regenerates the carbonyl compound in which the carbon- 
carbon double bond is no longer conjugated with the carbonyl group. This process occurs by protonation of 
the enol double bond (step 3) followed by deprotonationof the carbonyl group (step 4). 


vA S ial C Fa - v 
OA. 
ie Ru 


2228. To predict the structures of the products in each of the following transformations, learn the 
details of each reaction type, which can be found in the reaction summary section of the chapter. In 
some of these transformations, reactions from previous chapters are included. 
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2228. (continued) 


a. 


The ketone in this exercise has protons on only side of the carbonyl group, so the enolate ion forms 
there. The second step attaches the phenylselenyl group to the acarbon atom. Step 3 oxidizes the 
Se atom and causes elimination of PhSeOH, which makes the molecule achiral. This initial 
product is not stable and undergoes tautomerism to form the aromatic naphthalene derivative (see 
Section 25.1a). 


o 
| _1-_LDA, THF, -78°C 
achiral 
72 Phseci — 
3. H202 


A ketone undergoes halogenation at its alpha carbon atom when treated with one of the halogens 
(except F) and either acid or base. In acid solution, the reaction is readily stopped at the monosub- 
stitution stage. 


[9] [9] 


Cl», H30* 
— 
CH3 CH;CI achiral 


This amide has protons on the carbon atom alpha to the carbonyl group, so the first step generates 
the corresponding enolate ion. (If the nitrogen atom had a proton instead of the methyl group, 
deprotonation would occur there instead.) Alkylation occurs at the alpha carbon atom, which 
creates a new chiral center. Thus, the product is formed as a racemic mixture. 


o 1. LDA, THF, -78°C it o 
yeh 2. CH2-CHCH?Br i V eos a 


This ketone has protons on each side of the carbonyl group. Treating the ketone with LDA at low 
temperature generates the kinetic enolate; warming to room temperature yields the thermodynamic 
enolate, which is associated with the carbon atom that is more highly substituted. Alkylation 
occurs there, which generates a new chiral center. Because the starting material has a chiral center 
already (the configuration of which is retained), the product exists as a mixture of diastereomers. 


CH4O 


QA — LDA, THF, -78°C 
dias te 
D 2. warm to ET" me » "——S 


3. CH3l 


Treating a primary amide with excess hydroxide ion and bromine yields the corresponding amine 
with one less carbon atom (the carbonyl group is effectively removed). This is an example of the 
Hofmann rearrangement. 


CONH2 H20, OH’, Br2 (xs) NH2 ' 
OR — ee MP et ww achiral 


The first step generates the enolate ion of the aryl methyl ketone; the second step leads to 
alkylation at the original methyl carbon atom. 
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2228. (continued) 


COCH3 1. LDA, THF, -78?C 
-J | achiral 


| A 
j : B 
CI shinee te S^ ci 


g. The methylene group between the carbonyl groups has the most acidic protons, and the resulting 
anion undergoes alkylation. The acid hydrolysis step generates the f -keto acid, which undergoes 
decarboxylationunder the conditions of the third step. 


o 0 . 1 NaOEt EIOH 


3: 3 Hota A 
H3CO ( TN serra CH3CH2CH2CI 
Za achiral 


h. This transformation is an example of the Gabriel reaction, which converts an alkyl halide to a 
primary aliphatic amine. 


1. Potassium phthalimide 


AY ™ gr ———————- ANAN, achiral 
2. H30*, A 


i. This is another example of enolate ion formation followed by alkylation. Only the methylene 
group can form an enolate ion because the molecule would be too strained if the proton were removed 
from the bridgehead carbon atom. The alkylation step creates a new chiral center, so the product is 
formed as a racemic mixture. 


1. LDA, THF, -78°C 
— — He racemic 
2. CH3CH2CH2Br 


o [9] 


j Treating a nitrile having alpha protons with base yields a carbanion that is stabilized by 
delocalization into the carbon-nitrogen triple bond. Alkylation occurs as with enolate ions. 


CN 


T gx 1. LDA, THF, -78°C a Ph 
San ———— p achiral 


2. PhCH;Br 


2229. When you perform a reaction in which you know what the product will be (or is expected to be), 
focus on those spectroscopic features that are unique for the groups in the reactant and product 
molecules. Although many subtle changes will undoubtedly occur in several parts of the spectrum, it 
helps to look for a limited number of specific changes. 


a. This transformation converts a ketone to a carboxylic acid. Both have carbonyl groups, and their 
respective carbonyl stretching vibrations have similar energies. The carboxylic acid will display 
an additional strong, broad absorption because of the hydrogen-bonded OH stretching vibration. 


[9] [0] 


sf vCO ~1715 cm” (vs) E di 1710 cm^ (vs) 


— À OH  ,oH- 3500-2500 cm 


ka xe (broad) 
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2229. (continued) 


b. 


This transformation converts a saturated ketone to its unsaturated analog. Conjugation of a carbonyl 
group with an alkene double bond lowers the frequency of the C-O stretching frequency. In 
addition, the product will have a new band corresponding to the C-C stretching vibration. These 
two peaks may overlap, so they may appear as a broad, strong absorption band. 


o "CO ~ 1715 cm” (vs) - vCO ~ 1690 cm? (vs) 


2230. Asnoted in the solution to Exercise 22.29, focus on those spectroscopic features that are unique for 


the 


starting material and product molecules. Many other subtle changes will undoubtedly occur in other 


parts of the spectrum as well 


a. 


In both !H and ?C NMR spectra, the majority of the resonances will be the same (the aromatic ring 
and three carbon atoms of the aliphatic portion). The starting material has an extra carbon (with 
associated protons), and the product has the carboxylic acid group. These structural differences 
will manifest themselves in the numbers and positions of their associated resonances. 


'H NMR spectrum o 
^ * 622,3H, singlet 
WE a diii 


ES 
CH3 OH ^ 
(XT N 8 12, 4H 


exchanges with D20 


13C NMR spectrum o / 51030 Oo 
"oj 3H (DEPT) I 
NCH “son 
i 
QT N— a »200 = vies 
OH (DE PT) i il 


In both !H and °C NMR spectra, the changes will be apparent in the regions associated with the 
alkene protons and carbon atoms, which are blank in the spectra of the reactant molecule. The 
chemical shifts of the carbonyl resonances will undoubtedly be different, but the change may be 
small. 


1H NMR spectrum 


— 65-6, 1H, doublet 
e eee — »À9— Ae 26. 


— "*— 8538, 1H, doublet 
all resonances « à 2.5 a 
^ 856, 1H, doublet of doublets 


13C NMR spectrum 


o r 8-200 8-200 — y ~~ 8120-150 
|| _/ 0H (DEPT) 0H (DEPT) k 11 2H (DEPT) 
C —— C Ho 
Se 5 "c^ NO 8120-150 
| 1H (DEPT) 


H 
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2231. Deducing which reagents are needed to bring about a particular transformation requires you to be 
familiar with the reactions described in this chapter, which are summarized in the reaction summary 
section. 


a. A methyl ketone is converted to the conjugate base of a carboxylic acid by the haloform reaction. 
An acid workup step is included to protonate the carboxylate ion formed in the first step. 


oO 
> Se Bria; NaOH, Hee NaOH, H20 


2. Ino S 


b. Unsaturation can be introduced into the carbon skeleton of a ketone by formation of its enolate ion 
followed by treatment with PhSeC] and then oxidation. 


1. LDA, THF, -78°C o 
———— 


2. PhSeCI A 
3. H202 


22.32. MCPBA converts a cyclic ketone to a lactone, an example of the Baeyer-Villiger reaction 
(Section 18.4b). If the oxidation step is done first, then enolate formation can occur only on the side of 
the lactone carbonyl group and alkylation follows in the normal way. 

If the enolate ion is formed first, then the regiochemistry is also not an issue because the ketone is 
symmetrical. After alkylation, however, the ketone is no longer symmetrical, and it undergoes the 
Baeyer-Villiger reaction by insertion of an oxygen atom into the side that was alkylated because the 
more highly-substituted carbon atom is the one that migrates preferentially. 


d di Baeyer- —— LIAE enolate formation 9 9 
Viliger ca. 2. alkylation CH3CH3 
[9] 
idee 1. enolate formation __Baeyer- oO 
a x "zga —— alkylation C vm Viger CH 2CH3 


22.33. We can choose reagents for a given reaction by paying attention to its type (substitution, 
addition, etc.) and by keeping track of the numbers of carbon atoms. If the product has more carbon 
atoms than the reactant, then we have to include a carbon-carbon bond-forming reaction in our planning 
as one of the steps. Otherwise, the transformation becomes a matter of functional group interconversion. 


a. 2-Hexanone has more carbon atoms than 1-pentnaol, so 1-pentanol is first oxidized to pentanal, and 
then addition of the methyl Grignard reagent is used to add the needed carbon atom. The secondary 
alcohol product is oxidized to form the ketone. 


[e $ o 
PCC, CH2Ch 1. CH3Mgl 
LIS rei cur MN ———— 
OH H + 
"€ ETE TETE 2. H30 TETIS 


3. PCC, CH2Ch 
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2233. (continued) 


b. 2-Hexene has more carbon atoms than 1-pentnaol, so 1-pentanol is first oxidized to pentanal and 
the methylene Wittig reagent is used to form the terminal alkene with the addition of one carbon 
atom. 


1. PCC, CH;Cl; 
IVAW Soy Bes CAI SAIS: 
2. Ph3P-CH; (Wittig) ca eet @ 

6 


c. Converting 1-pentanol to pentanoic acid and then to the ester derivative yields the compound with 
the correct chain length. The double bond is introduced using the phenyl selenium chloride reagent 
and its subsequent oxidation. 


1. H2CrO 4, H30* 1. LDA, THF, -78?C 
COOCH COOCH 
"Nou —_—_— Sats S a Tw 3 
rw d45 2CHOH HC 4 4 44$ 2. PhSeCI "ore qn 
3. H20 
a2 


d. The product has two more carbon atoms than 1-pentnaol, so 1-pentanol is first oxidized to pentanal 
and the appropriate Horner-Emmons reagent is used to prepare the unsaturated ester. 


1. PCC, CH;Cl; — 
Yon ——————————— PAA 3 
ieee s 2. eR Oe eves i Se Gs 


(Homer-Emmons) 


22.34. Follow the procedures outlined in the solution to Exercise 22.16. The needed starting materials 
are shown in color. 


a. Thiscarboxylic acid is evaluated as its diester precursor. Two alkyl groups (ethyl and benzyl) can 
be attached to the methylene group of diethyl malonate. Hydrolysis/decarboxy lation is carried 
out by heating the diester in aqueous acid. 


Retrosynthesis 
Qi => QUE => le + CH3CH2Br + CH2(CO2Et)2 
COOH 
COOEt 

Synthesis 

CO2Et — 4. NaOEt, EtOH COÆt — 1. NaOEt, EtOH i 

( — CHCH? — r —COOH 

coe 2 CH3CH2Br Co Et 2- CeHsCH2Br 

3. H30+, A 


b. An amine canbe thought of as a reduced amide, which is a carboxylic acid derivative. The needed 
carboxylic acid is evaluated as its diester precursor. After alkylating diethyl malonate with the 
appropriate alkyl halide, hydrolysis/decarboxylation is carried out by heating the diester in 
aqueous acid. The resulting acid is converted to its amide derivative, which is reduced using 
lithium aluminum hydride. 


Retrosynthesis COOEt 


NH2 NH2 k Br 
i aiia = 2 a i — b din. COOEt ERR + CH,(CO,Et), 
[e] 
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2234. (continued) 


eyamess 1. SOCI; 
COÆt — 1. NaOEt, EtOH 2. NH3 NH 
——P 0 COOH aj 2 
cog: 2 (CH3)2CHCH2CH2Br 3. LIAIH4, ether 
3. H30+, A 4. H30* 


This ketone can be evaluated as its B-keto ester precursor. After alkylating ethyl acetoacetate 
with the appropriate alkyl halide, hydrolysis/decarboxylation is carried out by heating the keto 
ester in aqueous acid. 


Retrosynthesis COOEt COOEt 
i Ne S = ANA S + BAA 
o [e] oO 
Synthesis 
COOEt 


COOEt 1. NaOEt, EtOH 


yee BOG A b cde d 
2. CH9-CHCH;CHjBr d 


22.35. Because the starting material is specified (shown in color in the following schemes), you can 
treat this exercise as one that asks you which reagents are needed to go from one substance to another. 
Use the information in Chapter 16 to decide how the indicated enantiomer is to be formed. 


a. 


In this synthetic scheme, the epoxide ring will be created as a single stereoisomer by making use of 
a chiral reagent (Section 16.4d). The conversion of bromocyclohexane to the ester will make use of a 
Grignard reaction with CO, followed by esterification. The double bond is introduced using PhSeC1 
followed by oxidation. 


Retrosynthesis 
e COEt CO2Et COOH 
AOS e 
Synthesis 
CO2Et CO2Et 
. Mg, THF ow £O2Et 
| L 2: C02 a 1. LDA, THF, -78°C FR*,HSO;- 
— > — > 
amor H3 o* 2. PhSeCI H20, CH3CN 
4. EIOH, HCI 3. H202 


In this synthetic scheme, the chiral alcohol will be created as a single stereoisomer by making use 
of a chiral reducing agent acting on a ketone precursor (Section 18.3b). The conversion of benzene to 
the ketone is accomplished using the Friedel-Crafts acylation procedure; chlorination of the ketone 
is done under acidic conditions in order to stop the reaction with formation of the product with a 
single chlorine atom. 
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2235. (continued) 


Retrosynthesis 


OH [6] [9] 
Tu. CI L CI 
Q72og72c^2Q0 


Synthesis 


1. CH3COCI, 
| O ASh On me Clo, H30* C ume BH3, THF ot 
2: 2H PURO E R)-oxaza- 


borolidine 


22.36. The Curtius rearrangement occurs with the initial loss of molecular nitrogen, which generates a 
acylnitrene intermediate. Migration of the R group from C to N yields the isocyanate. 


fe) oO 
Hee Ir 
S b “oy 
C;H45 "N——N-N: — We CHiN | — (OS CN CH 5 
= o © 


22.37. An acyl azide is made by a reaction that is typical of acid chlorides: addition of the 
nucleophile and expulsion of chloride ion as a leaving group to regenerate the C=O double bond. 


US Chus QW j " 
c /——- —— Ox, Gr 
CiiHos^ » CI (0 Cii Ho37 (2) Ci1H237 Na 
VA 


22.38. Follow the procedure outlined in the solution to Exercise 14.21. 


a. From the given molecular formula, C,;H,,O3, first calculate the number of sites of unsaturation: 
[2(13) +2-16]/2=6sites. 
From the proton NMR spectrum, we conclude that the molecule has both aromatic and 
aliphatic portions. A benzene ring accounts for four sites of unsaturation, so there are two others. 


No protons appear in the alkene region, so this molecule probably has carbonyl groups or rings. The 
data from the compound's proton NMR spectrum are summarized in the table below. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
72 5 ArH multiplet - | 
4.1 2 CH2 quartet 
3.8 1 CH triplet 
32 1 CH2 doublet 
22 3 CH3 singlet 
1.2 3 CH3 triplet 


CHAPTER 22 / THE ACID-BASE CHEMISTRY OF CARBONYL COMPOUNDS 389 


2238. (continued) 


From the splitting patterns, you can see that the molecule has an ethyl group; the chemical shift 
value of à 4.1 is consistent with the presence of a methylene group bonded to the oxygen atom of an 
ester. With its splitting pattern, we conclude that the fragment CH4CH;O-C-O is present. The 
remaining NMR signals indicate that the following fragments are also present: CH-CH,, C,H; and 
CH;. Subtracting these elements from the molecular formula (C;3H;,O; - CH.CH;O-C-O - CHCH, - 
C,H; - CH; ) leavesonly C and O, which is another carbonyl group. 


Assembling these groups to fit the chemical shift values of the signals, we conclude that this 
molecule is ethyl benzylacetoacetate. 


~~ 844,2H, q 


vow | 
Bet et et ee 
82.2, 3H, s —— rd pos R 8 1.2, 3H, t 
j “ 832, 2H, d 
5838,1H, t7 (7 
IN | 87.2, 5H,m 


b. From the given molecular formula, C;H,9O,, calculate the number of unsaturation sites: [2(6) +2- 
10]/2 =2 sites of unsaturation. This compound contains two double bonds, a triple bond, two rings, or 
a double bond and a ring. 
All of the protons in this molecule are aliphatic ones; the data from the proton NMR spectrum 
are summarized in the table below. 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) 
38 3 CH3 singlet 0 
3.5 2 CH2 singlet 0 
26 2 CH5 quartet 3 
14 3 CH3 triplet 2 eae 


From the splitting patterns, you can see that the molecule has an ethyl group; the chemical shift 
value of 82.6 is consistent with the presence of a methylene group bonded to the carbonyl group of a 
ketone. We conclude, therefore, that the fragment CH;CH,-C=O is present. The chemical shift of 
the singlet at 6 3.8 is consistent with the presence of a methyl ester, so the fragment CH,O-C-O is 
also present. With the remaining methylene group, all of the elements are accounted for. 


Assembling these groups to fit the chemical shift values of the signals, we conclude that this 
molecule is methyl 3-oxopentanoate. 


(0) fe) 
a14, ant ! I 
N "a 20x -CH3 
CH3CH37 A C 
52.6, 2H, q -Z "d H — 83.8,3H, s 
a 
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22.39. When a bromoketone is treated with base, an enolate ion is formed (step 1) and it undergoes an 
intramolecular alkylation reaction to form intermediate C (step 2). The three-membered ring ketone is 
strained, so hydroxide ion adds readily to the carbon-oxygen double bond, producing a tetrahedral 
intermediate (step 3). Ring opening yields the carboxylate ion by transfer of a proton to the carbon- 


carbonbond that is broken (step 4). 
o 
E "E / H CY H 
F EM LLL Lu 
c 


u Ju 
Os HALO O- - 20 z 

H H aa H ` » H E HO € H r 
/ `OH OH aw B 2% 

© E © = 


22.40. First summarize the reactions that interconvert the lettered compounds. 


"o 
I 
xs OH, Bro [e] 
A — > B He Y [o4 


C;H NO H20 


The IR spectrum of compound A, along with its given formula, indicates that this molecule is a primary 
carboxamide. Its reaction with base and bromine proceeds via the Hofmann rearrangement pathway, 
which means compound B is a primary amine, CjH,;,N. A primary amine reacts with dimethyl- 
dioxirane to form a nitro compound (Section 11.5). Compound C is therefore C;H5NO;, and the strong 
peaks at 1550 and 1390 cm! in its IR spectrum confirm the presence of the nitro group. 

The proton NMR spectrum of C has a single peak, and the only isomer of C,H, that has nine 
equivalent protons is the tert-butyl group. Compound C is therefore 2-methyl-2-nitropropane, and 
compounds A and B correspondingly have the tert-butyl group. 


o HsC, 10 


I 
xs OH’, Br; Ni 
NH2 — NH2 NO2 
H20 


A B c 


Solutions to Exercises for CHAPTER 2 3 


THE NUCLEOPHILIC ADDITION 
REACTIONS OF ENOLATE IONS 


23.1. The two products from the aldol reaction of propanal are 3-hydroxy-2-methylpentanal, which is a 
B-hydroxy aldehyde, and the corresponding a,-unsaturated aldehyde, (E)-2-methylpentenal. The 
mechanism follows the same steps illustrated in Sections 23.1a and 23.1b for the aldol reaction of 
acetaldehyde. These steps are as follows: 

1) Formation of the enolate derivative of propanal 

2) Addition of the enolate ion to the carbonyl group of propanal 

3) Protonation of the alkoxide ion 

4) Formation of the enolate derivative of 3-hydroxy-2-methylpentanal 

5) Elimination of hydroxide ion to form (E)-2-methylpentenal. 


Si OH C DT 1 H 
a i 
YAS Ye, O 7 
H oO 
o Q 


x 
x 
Olè 
(0) 
Jm 
T 
" 
ae 
I 
o 
I 
o 


H O- H OH 
3-Hydroxy-2-methylpentanal 
H OHO Hf OH O; H [0] 
d — y : — s * OH- 
A~H ZH H 


(E)-2-methylpentenal 


23.2. The aldol reaction performed with acid catalysis requires initial formation of the enol derivative of 
the aldehyde: 


Next, proton activation of a second molecule of aldehyde occurs (step 3). The enol derivative that was 
formed in step 2 then reacts with the proton-activated aldehyde (step 4). 
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23.2. (continued) 


m 
HO H OH 
\/ Il 


C C 
CH;CH;^ ‘oH H 
CH3 


The remaining steps comprise deprotonation of the initial aldol product (step 5) and dehydration via 
formation of a good leaving group (step 6) and an E2 reaction (step 7). 


C + H3,0* 
CH;CH// "CcH/ ^H 9 CH,CH;/ "CH/ ^H (9 
CH; CH; 
Hoo H H o 
2 
V/ l bo be e inp 
y PN ff VS 3 
H 
chach ACH G) chow `% 
HC H CH3 


23.3. A retroaldol reaction that takes place under acidic conditions begins with protonation of the 
carbonyl group (step 1). The carbon-carbon bond is then broken (step 2), and the enol derivative that 
forms is converted to the aldehyde molecule by two proton transfer reactions (steps 3 and 4). 


:OH . OH . o 
Q T d H2O I. t + H30* 
+ 3 
HC ^. ~H G Hac” `H , © Hc” ^H 


23.4. The mechanism for the acid-catalyzed aldol reaction of acetone is the same as that for the acid- 
catalyzed aldol reaction of propanal shown in the solution to Exercise 23.2. In this instance, the acid is 
H —(P), where (P) is the conjugate base of an acidic polymer. The enol form of acetone is generated first 
(steps 1 and 2). 


Qu H*-P) H Qn 
pa TNR 
H^ "cà O H Yu 


This enol then reacts with the cation formed by protonation of acetone by the acidic polymer (step 3). A 
series of proton transfer steps leads to formation of the product. 
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23.4. (continued) 


" LM raa 
- + 
Oral N r OH JE HO CH, OH 

l HP Il H CH3 X > 
HaC "CH, © HaC & "CH, © HC^ "CH; "CH, 


C —€— 
H4C/ "CH; `Ch; G Hac” "CH; "CH, © 
Ò< CH 
"i / j I P) p^ TN ud 
H^c "cH © "ir N 
\ | 


23.5. Elimination of water from the B-hydroxy ketone product of a crossed aldol reaction occurs in two 

steps. First, an enolate ion is formed by deprotonation at the position adjacent to the carbonyl group 

(step 1). Regeneration of the carbon-oxygen double bond occurs with the displacement of OH" (step 2). 
Oy H OH 


9; PRA 
H alot 


23.6. The base-catalyzed crossed-aldol reaction between an unsymmetrical ketone and an aldehyde with 
no alpha hydrogen atoms begins with formation of the ketone enolate ion (step 1). Addition to the 
aldehyde carbonyl group (step 2), protonation of the resulting alkoxide ion (step 3), and dehydration via 
the Elcb mechanism (steps 4 and 5) yields the unsaturated ketone. 


23.7. The enolate derivative of a 3° carboxamide reacts as if it has a negative charge at the carbon atom 
adjacent to the carbonyl group. This nucleophilic center adds to a ketone carbonyl group, forming a new 
carbon-carbon bond. After workup with aqueous acid, the B-hydroxy carboxamide can be isolated. 


o- 


OH 
ji LEN | 20X ) — wow 

ES uiis —————- 
H3C N(CH3)2 H2C N(CH3). 3. H3O* ho 
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23.8. An iminium ion has an electrophilic carbon atom, so it is susceptible to reaction with a nucleophile 
such as water (step 1). Two proton transfer reactions yield the protonated amine, a good leaving group. 
A base in the enzyme active site [represented by :B) in the following scheme] subsequently deprotonates 
the OH group attached at C2 of the substrate molecule, which leads to formation of the carbonyl group in 
the product. 


O4P0?- 
° BY VALS, H20 
x WA 
a | Ho—/ FP © 
H 
OPO? H5 


C=O + BN Sigg 


Ho—/ pa Ho—/ 


23.9. As with many transformations of carbohydrates in which carbon-carbon bonds are made or 
broken, an aldol (or retroaldol) reaction is involved. Biochemical aldol reactions often make use of Schiff- 
base catalysis, in this case from the reaction between the amino group of a lysine residue in the enzyme 
active site and the carbonyl group of 2-keto-3-deoxy-6 phosphogluconate (step 1). 


coo- coo- L 
ys 
Lys o t SANINA 
NAN -H20 ` 
H3N HH — u= H 
+ 
H OH © H OH 
H OH H OH 
CH;0PO4- CH,OPO,7- 


Next, a base removes the proton from the OH group attached to C4, cleaving the C3-C4 bond of the 
substrate molecule (step 2); D-glyceraldehyde-3-phosphate subsequently dissociates from the enzyme 
active site (step 3). 


H. 20 
H H——OH 
= m 
coo Lys Locc CH;OPO; 
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23.9. (continued) 


The enamine can be protonated at the carbon atom adjacent to the imine group (step 4), and the Schiff- 
base is hydrolyzed (step 5) (see the solution to Exercise 23.8 for this mechanism) to form pyruvate. 


23.10. If the carbon-carbon bond forming reaction catalyzed by transaldolase is non-stereospecific, then 
two new chiral centers are generated (at C3 and C4 of a hexose). Four diastereomers are therefore 
produced, the structures of which are shown below. The bond that is formed by this aldol reaction is 
shown in color. Notice that all of the possible 2-ketohexoses are formed. In the actual biochemical 


reaction, only fructose is generated. In that transformation, the reaction is stereospecific because it takes 
place within an enzyme active site. 


HORG N A $ CH;OH CH,OH CH,OH CH;OH 
X [e] o [e] fe) 
GL n Ht H—|— OH H OH HO H HO——H 
WA ^7 * ato * go--4  * on * dota 
H OH H——OH H OH H—— OH H OH 

CH,OPO32- CH,OPO,7- CH;0P047- CH;0P04- CH;0PO4- 
D-Psicose D-Sorbose D-Fructose D-Tagatose 


23.11. Ethyl acetoacetate can be alkylated twice at its methylene group under the conditions in the first 
step of the given reaction scheme. Dialkylation creates a quaternary center, so when this compound is 
treated with NaOEt in ethanol, the product undergoes the retro-Claisen reaction, generating two ester 


molecules. The mechanism occurs by addition of the ethoxide ion to the ketone carbonyl group (step 1), 
followed by the bond-breaking reaction (step 2). 


Tautomerism of the ester enol completes the 
transformation (step 3). 
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23.11. (continued) 


o o ET A MN Eo O- o 
il i 2 equiv NaH i il -OEt, EtOH Vg 
C C C Ie c 


C ————- C 
Hac “C~ OEt 2equvCH Hc C cott Q H4C^ "c^ "ot 
ZN 1X /\ 
H H HC CH3 HaC CH3 
Qm 7 T i 
Eto 
S Va EtOH HaC, zC HC, C 
C=C —— bm * ^e" Noe == So “on 
AUT NE C SN » we 
HC C OEt Q Hsc | © 7) 
y^N 3 CH3 CH3 
HaC CH3 
Ethyl acetate Ethyl 2-methylpropanoate 


The point of this exercise is to reinforce the idea that a retro-Claisen reaction is facile when the carbon 
atom between the carbonyl groups of a f-keto ester cannot be deprotonated upon treatment with a 
nucleophilic base such as ethoxide ion. 


23.12. The transformation shown in this exercise comprises three stages: [1] a Dieckmann (Claisen) 
condensation reaction; [2] hydrolysis of an ester; and [3] decarboxylation of a B-keto acid. 

The Dieckmann condensation starts with formation of an enolate ion (step 1) Addition of this 
nucleophile to the other ester carbonyl group (step 2) is followed by displacement of the ethoxide ion 
(step 3) and deprotonation of the initial keto ester product (step 4). Acid workup yields the -keto ester 


(step 5). 


~OEt, EtOH 


COOEt 
~OEt, EtOH 
Co —————— & ——————- 
=< Q 1 
H 
H OEt H | 
OEt 

E C [on [e] 
acm COOEt le COOEt 
H + ~OEt o * EtOH © H 


In the next stage, the B-keto ester undergoes hydrolysis by protonation of the ester carbonyl group (step 


6), addition of a molecule of water to the double bond (step 7), a proton transfer reaction (step 8), and 
displacement of ethanol (step 9). 


[*] (0) [e] (oH o HO $ 


i r \ OH 
C.. cf ^ pex 
OEt H,0* OEt H;O Ns 
H H ——— i ———— 
© o et 
o HO o HO 
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23.12. (continued) 


Decarboxylation occurs via a cydic transition state in step 10, followed by tautomerism (step 11) to yield 
the final product. 


H 
[e] (S OH . [e] 
So k H ‘oO H - 
H —— = H + CO, 
©) 


23.13. The transformation in this exercise constitutes the Dieckmann condensation of a diester in which 
only one ester group can be deprotonated at its alpha position. The first step creates an enolate ion that 
adds to the other ester carbonyl group (step 2). This addition step is followed by displacement of the 
ethoxide ion (step 3) and deprotonation (step 4). Acid workup yields the B-keto ester product (step 5). 


Et? o- To ie) 
oss r CONS o = 959 


ET P Ta [e] 
H4O* 
[y COOEt + EtOH EM COOEt 


23.14. When an enolate ion reacts with ethyl formate (HCOOEt), the product has an aldehyde group at 
the alpha position of the original carbonyl compound. This transformation is an example of a crossed 
Claisen condensation. 


[e] 
i Oy" 
p 
a SLE, si = FW n + "OEt 
———————— 
COOEt -OEt, EtOH COOEt 


23.15. The reaction between diethyl carbonate, base, and a ketone leads to formation of a B-keto ester 
[reaction 1], which is readily alkylated upon treatment with base and a primary alkyl halide [reaction 2]. 
Hydrolysis and decarboxylation [reaction 3] forms the a-alkylated ketone. 


o o o o 
CT [:] oo [2] eer C] P eus pase BO 


CHCH; 


This three-reaction procedure provides an excellent way to alkylate the position adjacent to a ketone 
carbonyl group without having problems with self-condensation of the ketone molecule. 
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23.16. The biosynthesis of fatty acids proceeds as follows: 


1) The acetyl thioester derivative of Acyl Carrier Protein (ACP) condenses with an enolate ion that 
has been generated by decarboxylation of malonyl-ACP (ACP-SCOCHCOO) to form a f-keto 


thioester. 
2) The ketone group of this B-keto thioester is then reduced to form the corresponding alcohol. 
3) Loss of water (dehydration) yields an a, -unsaturated thioester molecule. 
4) The double bond of this unsaturated thioester is reduced to form the saturated thioester. 


These same four steps are repeated to build the fatty acid two carbon atoms at a time. 


i 
CH,—C—S~~~ ACP o 


1. Claisen condensation with — — 
2. Reduction of the p-keto group 

3. Dehydration 

4. Reduction of the C=C bond 


Il 
CH34CH5CH; — C — S» ACP o 


1. Claisen condensation with ACP~~~ -"— 
2. Reduction of the B-keto group 

3. Dehydration 

4. Reduction of the C=C bond 


Il 
CH3CH;CH;CH;CH; — C — Sw ACP 


1. Claisen condensation with ACP «^ S— 
2. Reduction of the p-keto group 

3. Dehydration 

4. Reduction of the C=C bond 


o=0 


—CH,COO- 


Il 
CH4CH;CH;CH;CH4CH;CH; — C — S» ACP 


j 


etc. 


23.17. The enolate ion structure is derived by removing a proton from the alpha carbon atom of the 
parent ester molecule. The other molecules are named according to the procedures outlined in Chapter 1 
(longest chain, principal functional group, and substituents). 


á H H H b. a H CH3 
: I» l rm 
png- 9€ Has p— p^ Csc- 9C(CH3)s Ha Es A DOHs 
Il l ll Il 
[*] lom [0] [9] 
tert-Butyl acetate ...... and its corresponding enolate ion. Methyl 3-keto-2-methylbutanoate 
OH o 
e 4 d. 2- Il 14 
a cal O3PO—CH,—C—CH,0H 
OH O 1 2 3 


(2R, 3S)-2,3-Dihydroxypentanoic acid 3-4C-Dihydroxyacetone phosphate 
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23.18 Aldehydes (and some ketones) react with enolate ions to form aldol products. If two reactants are 
present, decide which one(s) can form an enol or enolate ion, and then consider what product(s) will be 
formed if that enolate derivative reacts with the other carbonyl containing compound (or another 


molecule of the same carbonyl compound). 


a. 


In this crossed aldol reaction, only the acetophenone derivative can form an enolate ion. Addition of 
the enolate ion to formaldehyde yields the primary alcohol. Elimination of water will produce the 
a,B-unsaturated ketone. 


Q^ — gr» OF 


achiral achiral 


In this directed aldol reaction, the ester derivative is first converted to its enolate ion derivative with 
LDA. Addition of this enolate ion to the ketone molecule yields the B-hydroxy ester. Elimination of 
H20 cannot occur because there is no proton adjacent to the carbonyl group. 


COs5Et 
cot ——— Y racemic 
PN 
H3C CH2CH2CH3 


In this directed aldol reaction, a ketone enolate ion adds to an aldehyde carbonyl group to generate a 
B-hydroxy ketone. Elimination of water will occur because dehydration creates an extensive 
conjugated 7 system that is more stable than the compound without the double bond adjacent to the 
carbonyl group. 


——- —— 
d 
achiral achiral 


An aldehyde undergoes self-condensation to form a B-hydroxy aldehyde. Elimination does not occur 
because there is no proton alpha to the aldehyde carbonyl group. 


[o] OH 
2 74 — = racemic 
H CHO 


In this crossed aldol reaction, only the acetophenone derivative can form an enolate ion. Addition of 
the enolate ion to the aldehyde yields the -hydroxy ketone. Elimination of water will occur because 
dehydration creates an extensive conjugated 7 system that is more stable than the compound without 
the double bond adjacent to the carbonyl group. 


o o 
OCH; HCO ry S H3CO X OCH; 

— C^ ^O OY OU 
OCH, HCO H3CO OCH; 


achiral 
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23.19. In the Henry reaction, a nitro compound is converted to a carbanion via an acid-base reaction 
(step 1). This nucleophile adds to the aldehyde carbonyl group, which is protonated on its oxygen atom 
(step 2). Elimination of water (Elcb mechanism) yields the unsaturated nitro compound. 


/ 
c ——»- HC: H—C—C—H + RNH 
AE Nb © ? 
H Ph 
T H 
OH NO, 7 OH / NO; | 
oo lo í a -iiie 


i d \ C 
ys O i + HO + RNH; 
Ph H H 


23.20. In the Knoevenagel reaction, a B-keto ester reacts with a base to form the enolate ion derivative. 
This nucleophile adds to the aldehyde carbonyl group. Elimination of water via the Elcb mechanism 
(steps 3 and 4) produces the a, -unsaturated keto ester. 


* 
c? o- Fs adi HNR? ^ og Ho, H 
l| | H R;NH CI E. l Xc ph 
————— 


CA, Ph^ ^H C 
Hc” CH — ~ ac ko" "gH 
| | © I 
COOEt COUET COOEt 
C KC \ O  OH/^* HNR? O H 
l C — Ph R NH CI for MN. 
Hc NcAH = HC c^ "Ph um H,C^ xv "ph + H20 + RoNH 
COOEt COOEt COOEt 


23.21. Addition of an enolate ion to an ester (or acid chloride) carbonyl group yields products from the 
Claisen condensation. If two reactants are present, deduce which one(s) can form an enolate ion, and 
then consider what product(s) will be formed if that enolate derivative reacts with the other carbonyl- 
containing compound (or another molecule of the same carbonyl compound). 


a. This reaction is a “standard” Claisen condensation—the enolate ion produced by deprotonation 
undergoes an addition-elimination reaction with another molecule of the same ester. Acid workup is 
required to obtain the neutral product. 


(0) 


(0) 
. — er —Á esit racemic 


b. In this directed Claisen reaction, the enolate ion is generated by deprotonation of the ester reactant, 
and it undergoes an addition-elimination reaction with the acid chloride molecule. 


o [9] 
CH4—COO-tBu + QI — EL LR un achiral 
CI 
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23.21. (continued) 


c. This reaction is an example of the Dieckmann cyclization, the ring-forming variant of the Claisen 
condensation. The stereochemistry of each chiral center is not affected by the reaction, but one 
configuration appears to change because the priorities of the substituents are altered when the 
carbon-carbon bond is made. An additional new chiral center is formed, so a mixture of two 
diastereomers is created. 


Oo 
OEt 
(R). CO»Et (R) Tm 2 diastereomers 
v (R) Êw 


d. This is a crossed Claisen reaction between an enolizable ketone and a non-enolizable ester. The 
enolate forms (and reacts) on the side of the ketone that is less hindered. The product is a B-keto 
aldehyde, which normally exists in its hydrogen-bonded enol form, which is achiral. 


ous " 


O 
H 
+ HCOOEt — = 1K. - M 
H 


racemic achiral 
23.22. In the Thorpe reaction, the first step is formation of a carbanion at the position alpha to the nitrile 


group. This nucleophile adds to the carbon-nitrogen triple bond of the other nitrile group (this exercise 
illustrates the intramolecular Thorpe reaction). Two proton transfer steps yield the enamine. 


cÉN i Ns NH 
ZA 
di t-BuOH 
—————— 
M © o © CN 
\ H H 


CN 


^ #BUOH e" 
LENZ C=N 


In the second stage of reaction, the nitrile group is hydrolyzed to form a carboxylic acid group (steps 5- 
10), and then the enamine portion undergoes hydrolysis to yield the ketone (steps 11-14). 


os it NH NH; 
Ed e — 
he E) © pom 
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23.22. (continued) 


Finally, the keto ester undergoes decarboxylation (step 15) and tautomerism produces the ketone product 
(step 16). 


23.23. The Perkin reaction begins with the formation of an enolate ion from acetic anhydride by an acid- 
base reaction (step 1). This enolate ion next adds to the carbonyl group of the aldehyde (step 2). 


Ci H ie. d P um oac o 
He N M ue a l o od 
Ci c! 


C... - C—H 


The acetyl group of the anhydride is then transferred to the oxyanion nucleophile via a tetrahedral 
intermediate (steps 3 and 4). With the addition of acid in the workup step, two proton transfer steps 
occur to generate the carboxylic acid group and to activate the acetyl group (steps 5 and 6). 


CS HC 5 o 
CH3 HC 
[e) OAN oJ o Oz T H30* 
[Ru ES 
of *c—C—H © o^ ~~" ® o^ Ne (7H © 
H2 (a Ho Ar 2 Ar 
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23.23. (continued) 


The product is formed by an acid-base reaction that displaces acetate ion to generate the double bond 
(step 7). 


+ CH4COOH 


23.24. The Darzens reaction begins with formation of the enolate ion from ethyl chloroacetate. This step 
is facilitated by the acidity of the methylene protons resulting from the presence of two strongly electron- 
withdrawing groups (the ester group and the chlorine atom). The resulting anion adds to the aldehyde 
carbonyl group (step 2), and the alkoxide ion that is generated participates in an intramolecular Sn2 
reaction to produce the epoxide ring by displacing chloride ion. 


" o 
c T e IP OEt -O- O a 
EtO- H Ph^ ^H | | - Cr i 
© 


C - 
ee ae o cn oN eH uo c 
\ Q | © \ Ph 
CI cl in H 


23.25. When you perform a reaction in which you know what the product will be (or is expected to be), 
focus on those spectroscopic features that are unique for the groups in the starting material and product 
molecules. Although many subtle changes will undoubtedly occur in several parts of the spectrum, it 
helps to look for a limited number of specific changes. 


a. This transformation converts a saturated ketone to an a,-unsaturated ketone. The C=O stretch 
frequency will be lowered as a result of this change. In addition, new C-C stretching vibrations for 
the alkene and benzene groups will be observed. 


an 4 
o WCO ~ 1715 cm” (vs) ON A 1690 cm" (vs) 
C=C ~ 1600-1650 cm” (m) 


—+ [ow 
vC=C ~ 1600-1650 cm (m) 


b. This transformation converts an ester into a B-keto ester. The product will have two carbonyl 
stretching vibrations in place of the single absorption band observed for the starting ester molecule. 


- ^ CO ~ 1735, 1700 cm" (vs 
p. gereicht dud o fos” v aa (vs) 


CY CT — 


23.26. As noted in the solution to Exercise 23.25, focus on those spectroscopic features that are unique for 
the starting material and product molecules. Many other subtle changes will undoubtedly occur in other 
parts of the spectrum as well. 
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23.26. (continued) 


a. In both !H and 9C NMR spectra, the majority of the resonances in the product spectra will appear 
mainly in regions that are blank in the spectrum of the starting material. 


'H NMR spectrum 


[9] H 
Tn 8 5-6, 1H, singlet 


Oo 
— 
a 
CH3 Dii 6 7-8, 5H, multiplet 


all resonances < ô 2.5 Ma 824. 3H. snot 
4, 3H, sing 


13C NMR spectrum 
8 ~200 8- 0-150 
o f OH (DEPT) 0H ? LT DEPT) 
Cl ^ — > ir al 
A A T9 8 120-150 
mu. CH3 3 peaks: 1H (DEPT) 


8 120-150 ; 
1 peak: OH (DEPT 
0H (DEPT) i ite 


02U-4U 


3H (DEPT) 


b. In both !H and PC NMR spectra, the majority of the resonances in the product will be ones that do 
not appear in the starting ketone. The creation of a ketone group in the product (from an ester) will 
be readily apparent in the carbon NMR spectrum because the resonance for a ketone carbonyl group 
appears farther downtield than the analogous signal for an ester carbonyl group. 


6 4.1, 2H, quartet 6 38, 1H, quartet 
rl 6 1.2, 3H, triplet r R 


OCH,CH; CH” ~O-tBu 
> | M 51.5, 9 H, singlet 


CH3 
W 5 1-2, 3H, doublet 


1H NMR spectrum 


13C NMR spectrum 
Two signals in the 


o aliphatic region 
l PL os Es Four signals in the aliphatic 


] Pom 
[e -C ion, one with OH (DEPT 
O Midi 7 - O bà pe ag T 
8 160-185 CH3 8160-185 


0H (DEPT) "— 0H (DEPT) 


OH (DEPT) 


23.27. The two reactions shown in Exercise 23.25 constitute examples of the crossed (or directed) aldol 
reaction and the crossed (or directed) Claisen condensation, respectively. 


a. A crossed aldol reaction between the ketone and benzaldehyde will yield the given product. 


[*] [e] 
Qe 
—— H ao 
NaOH, H20, EtOH 
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23.27. (continued) 


b. A directed Claisen condensation between the ester and tert-butyl acetate will yield the given product. 
Oo 
M D 


re 
1. LDA, THF, -78°C Gos oS, 
L6. —————————— CH  O-t-Bu 
CH; — O-tBu 2 ( V-coo&t CHs 


23.28. The Dieckmann cyclization procedure is used to prepare cyclic B-keto esters or f-diketones from 
the appropriate diesters. 


a. This product is a cyclic B-keto ester, so the Dieckmann cyclization will yield the product directly. 
The starting diester has more than six carbon atoms, so the diacid (six carbon atoms) is first 
converted to its diester derivative. The starting compounds are shown in color. 


Retrosynthesis 
[e] [e] 
OCH COOH 
COOCH 3 
A = COOCH, —> ( pj coon 
Synthesis 


o [e] 


COOH CH4OH OCH; 1. NaOCH3,CH3OH COOCH; 
ias Wd nd MNT 
COOH adn 


b. The desired product is an unsaturated cyclic ketone, which can be made from a cyclic ketone, itself 
formed by decarboxylation of a Dieckmann cyclization product. The starting diester has seven 
carbon atoms in its chain (not counting the alkoxy groups of the diester), so 1,5-dibromopentane is 
first converted to the needed diacid by adding two carbon atoms (two cyanide groups), which can be 
hydrolyzed and subsequently converted to the diester. 


Retrosynthesis 
OOEt Br 
rst SO. re p 
ue COOEt Br 

Synthesis 


ome 1. NaCN, DMF - COOH EtOH, TsOH, A Don 
— 
2 Hora — H30O+, A COOH COOEt 
[e] " [o] 
_ 1. NaOEt, EtOH CY 1. LDA, THF, -78°C [^T 
ee a 
coogt 2 Hs0+.4 2. PhSeCl 


H202 
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23.29. Follow the procedure outlined in the solution to Exercise 14.21. 


a. From the given molecular formula, CcHioO, calculate the number of unsaturation sites: 
[2(6) + 2 - 16]/2 = 2 sites of unsaturation. 
From the proton NMR spectrum, we conclude that the molecule has aldehyde, alkene, and alkane 
portions. The alkene and aldehyde double bonds account for the two sites of unsaturation. The data 
from the compound's proton NMR spectrum are summarized in the following table. 


Chemical Integrated Assignment Multiplicity No. adjacent 


shift (ppm) intensity protons (n) 
9.4 1 CHO singlet 0 
6.5 1 =CH triplet 2 CH2CH3 
2.4 2 CH; qunitet 5 = 3 
1.8 3 CH3 singlet 0 H 
1:1 3 CH3 triplet 2 


From the splitting patterns, you can see that the molecule has an ethyl group attached to an alkene 
carbon atom, with additional coupling occurring between the alkene proton and the methylene 
group (see the substructure to the right of the table, above). If the alkene proton were more than 
three bonds from the methylene group, the signal for the CH» protons would appear as a quartet 
from coupling only with the methyl protons. The chemical shift value of 6 2.4 is also consistent with 
the presence of a methylene group bonded to an alkene double bond. 


The remaining NMR signals indicate that the following fragments are also present: CHO and CH3 
(attached to the alkene double bond as well). Assembling these groups to fit the chemical shift 
values of the signals, we conclude that this molecule is (E)-2-methyl-2-pentenal. This molecule can 
be formed by applying the aldol reaction to propanal, followed by dehydration (see Exercise 23.1). 
The (E) stereochemistry is the natural consequence of having a double bond conjugated with a 
carbonyl group. The (E) isomer is much more stable than the (Z) isomer. 


deii. 7^ [o ia 


gn 


811,3Ht — 81.8, 3H, s 
du "n i 


624, 2H, quintet 


b. From the given molecular formula, CsH120, calculate the number of unsaturation sites: 
[2(8) + 2 - 12]/2 = 3 sites of unsaturation. 

From the proton NMR spectrum, we conclude that the molecule has both alkene and alkane 
portions. A benzene ring cannot be present because that requires at least four sites of unsaturation. 
The data from the compound's proton NMR spectrum are summarized in the following table. 

From the splitting patterns, you can see that the molecule has an ethylene group. Furthermore, 
the chemical shifts for these two methylene groups puts one next to a carbonyl group and one in a 
strictly aliphatic environment. You are told that the IR spectrum indicates the presence of a carbonyl 
group, and it must be a ketone because the molecule has only one oxygen atom, and we know that it 
is not an aldehyde (no signal at 5 10). Two of the sites of unsaturation are accounted for by the 
ketone group and the C-C double bond, so the other site must be a ring. 
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23.29. (continued) 


Chemical Integrated Assignment Multiplicity No. adjacent 


shift (ppm) intensity protons (n) 
67 1 =CH doublet 1 H RA 
> ved 
5.8 1 -CH doublet 1 J A 
2.5 2 CH, triplet 2 
CH;CH 
1.9 2 CH, triplet 2 a TUUM 
1.2 6 CH3 singlet 0 


The remaining NMR signal indicates the presence of two methyl groups that are isolated from 
interactions with other protons. Therefore, we know that the following groups are present, which 
account for all of the atoms: 


A P P 
—CH;-CH;- FA LO. HC—C-CH;, inaring 


Assembling these groups to fit the chemical shift values of the signals, we conclude that this 
molecule is 4,4-dimethyl-2-cyclohexenone. 


D 
C. 3H 
52.5, 2H, t— —— HaÇ” `c ENS. 


NM as H2C oC 
819,2H,1 / ~~ 867, 1H,d 


$58, 1H, d 


23.30. From the information presented in Chapters 22 and 23, we can draw a structure for each of the 
intermediates of the glycolysis scheme presented in this exercise. These structures are shown in the 
following scheme along with the important intermediates involved in each transformation. 


CHO CHO CHOH CHOH 
H OH H OH | OH fe) 
HO H |, HO H |. Ho H |, Ho H 
H OH `~ H OH `~ H OH `~ H OH 
H OH H OH H OH H OH 

CH;OH CH;0PO,7 CH;0P0O57 CH,OPO47 
D-Glucose D-Glucose-6-phosphate Enediol D-Fructose-6-phosphate 

intermediate 
CHOH CH,OPO,7 CH,OPO,7 
[e] o N^ Lys (aldolase) 
HO H HO H HO H 
— — > 

H OH H OH H OH 
H OH H OH H OH 

CH;0PO,7 CH,OPO,7 CH3OPO4" 

D-Fructose-6-phosphate D-Fructose- D-Fructose-1,6-bisphosphate 


1,6-bisphosphate Schiff base complex with aldolase 
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23.30. (continued) 


After the Schiff base intermediate is formed between the fructose substrate molecule and the enzyme 
aldolase, a retroaldol reaction occurs to break the hexose into two trioses, as shown in the following the 
scheme. The trioses can be interconverted as well, and those transformations are shown as the schemes 


in the boxes, below. 


1 1 
oe CH,OPO,> CH OPO ,7 
din 2 NH Lys (aldolase)  ——» ^? =o 
2 =NH Lys (aldolase) s |l 3 
- i HO H CH2OH 
4 Dihydroxyacetone 
H OH phosphate 
5 
H OH CHO P 
6 2- 5 " 
CH;OPO;5 H OH “ 
6 à 
D-Fructose-1,6-bisphosphate s CH,0PO,* t 
Schiff base complex with aldolase aa D-Glyceraldehyde- "à 
E d 3-phosphate “ 


6 
CH;OPO4^- 


D-Glyceraldehyde- 
3-phosphate 


1 
CcH;oPo, ^ 
2 


1 cH;0P0;7 
[o == 2 | OH 
° CH OH 3 CHOH 


Dihydroxyacetone 
phosphate 


Enediol 
intermediate 


^ CHOH 
5 Eo 
5 CH,OPO,7 


Dihydroxyacetone 
phosphate 


1 
CH;OP0;^- 


D-Glyceraldehyde- 


D-Glyceraldehyde- 
3-phosphate 


3-phosphate 


The numbering of the molecules in the preceding schemes has been included to keep track of where each 
carbon atom goes in these metabolic reactions. It is not necessarily the numbering that we would use for 


nomenclature purposes. 


a. 


According to the foregoing scheme, C1 of D-glucose becomes C1 of dihydroxyacetone phosphate, 
which then becomes the carbon atom attached to the phosphate group of D-glyceraldehyde-3- 
phosphate. The isotopically-labeled carbon atom is shown in color in the following scheme. 
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23.30. (continued) 


1 3 
1 CH;0PO4- CHO 
CHO CH;OPO4- 2 [2o == pH oy 
H OH 2 =NH Lys (aldolase) 3 1 5 
3] + CH5OH CH30PO; 
HO H HO H 
— n 4 Dihydroxyacetone D-Glyceraldehyde- 
H OH H : OH phosphate 3-phosphate 
H OH H OH " 
6 
CH;OH CH;OPO4^- a 
H OH 
D-Glucose 6 
CH;OPO47- 


b. According to the foregoing schemes for glycolysis, C2 of D-glucose becomes C2 of dihydroxyacetone 
phosphate, which then becomes the middle carbon atom of D-glyceraldehyde-3-phosphate. The 
isotopically-labeled carbon atom is shown in color in the following scheme. 


3 


'CH,OPOS CHO 
Ie 'GH,OPO3* ic- o —— H-C-OH 
H—C— OH 2 o Lys (aldolase) 11 2- 
*CH,0H CH2OPO5; 
HO H 
— Dihydroxyacetone D-Glyceraldehyde- 
H OH phosphate 3-phos phate 
H OH ic 
CH20OH *CH,OPO,2 ni 
E OH 
D-Glucose 
°CH,OPO,2 


c. According to the foregoing schemes for glycolysis, the oxygen atom at C2 of D-glucose becomes the 
carbonyl oxygen atom of D-fructose. The aldolase-catalyzed cleavage of D-fructose-1,6-bisphosphate 
occurs by formation of the Schiff base between the D-fructose-1,6-bisphosphate carbonyl group and 
the lysine residue in the enzyme active site. The oxygen atom (shown in color in the following 
scheme) is lost as a molecule of water at this step, so it does not appear in either of the three-carbon 


sugars. 
CHO CH,OPO,7 'cH,0P0;7 
H OH [e] 2 NH Lys (aldolase) 
HO——H HO——H -H0 . go--H 
ow ———————» 4 
H OH H OH H OH 
5 
H OH H OH H OH 
6 
CH3OH CH,OPO,7 CH,OPO;> 
D-Glucose D-Fructose- 


1,6-bisphosphate 


23.31. If the enzyme that interconverts D-glyceraldehyde-3-phosphate and dihydroxyacetone phos-phate 
is missing, then the labeled carbon atoms in D-glucose (Exercise 23.30a and 23.30b) will be found only in 
the dihydroxyacetone phosphate product (shown below as an example for the label at C2 of D-glucose). 
The carbon atoms in D-glyceraldehyde-3-phosphate derive from C4, C5, and C6 of D-glucose. 
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23.31. (continued) 


1 3 
i : CH;OPOs CHO 
CHO CH20PO; 26-0 x H-C-OH 
H—C—OH ? C=NH™™ Lys (aldolase) 3l 11 " 
at * CH5OH CH;OPO;5 
HO H HO H 
— 4 Dihydroxyacetone D-Glyceraldehyde - 
H OH H : OH phosphate 3-phosphate 
H OH H OH å 
6 
a CHO 
CH5OH 
2 a alae 5 If the enzyme that intercoverts 
D-Glucose H OH dihydroxyacetone phosphate and 


6 A 
2- glyceraldehyde-3-phosphate is 
CH;OPOS missing, then the labeled atom 
appears only in dihydroxyacetone 
phosphate. 


The answer to Exercise 21.31c is the same as the answer to Exercise 23.30c: The oxygen atom is lost as a 


molecule of water during Schiff base formation between D-fructose-1,6-bisphosphate and the lysine 
residue of aldolase. 


Solutions to Exercises for CHAPTER 24 


CONJUGATE ADDITION REACTIONS OF 
UNSATURATED CARBONYL COMPOUNDS 


24.1. The most general way to prepare an a, f-unsaturated carbonyl compound from its saturated analog 
makes use of the corresponding enolate ion to attach the PhSe group adjacent to the carbonyl group. 
Oxidation of the Se atom with hydrogen peroxide and gentle warming leads to elimination of PhSeOH 
and production of the double bond. When preparing an oa, f-unsaturated carbonyl compound in which 
the carbon chain must be lengthened, make use of the aldol or crossed-aldol reaction to attach the 
additional carbon atoms and to form the double bond in conjugation with the carbonyl group. 


a. Because the carbon skeleton of the starting ketone is the same as that for the product, PhSeCl is used 
to introduce the carbon-carbon double bond. 


1. LDA, THF, -78°C SePh dius 
—— 
2. PhSeCl 


b. This carbon skeleton can be made by using the crossed aldol reaction between an ester enolate ion 
and acetaldehyde. Conditions are chosen to maximize formation of the Elcb product after the new 
carbon-carbon bond is formed. 


nd 
9 LDA, THF, -78°C TH H.C^ ~ 9 


o A —- LA. 
——————— ———————— 
H3C* ~O-t-Bu H,C^ "O-tBu S^ -o.tBu 


24.2. A secondary amine reacts with formaldehyde by nucleophilic addition of the amine nitrogen atom 
to the carbonyl group (step 1), which is followed by the transfer of a proton from nitrogen to oxygen (step 
2). (In this scheme, the proton transfer is shown as an intramolecular reaction, but it more likely occurs 
by interactions with the aqueous solvent, which can supply and remove protons.) 


Z^ ei 


F [e] 
GQ HN(CHs)2 | ot | 
“oy — TEC 2C—N * —29 7 7 G—N(CH 
3)2 
NH ©) uw © A AN 
H CH H 


24.3. An enolate ion reacts with Eschenmosher's salt to form the corresponding Mannich base. The 
enolate ion is formed by treating the ketone with LDA in THF at a low temperature. The enolate ion 
adds to the carbon-nitrogen double bond of the iminium ion in the second step. 
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24.3. (continued) 


e qu H 
[e] Oo Lit \ + [e] 
H C/H SENCH» H oues 
H / LDA, THF, -78°C DO H «4 ui 
© © i 


24.4. Hydrolysis of the B-enol ether derivative of a ketone starts with addition of water to the double 
bond, an acid-catalyzed process (step 1) that serves to activate the carbonyl group and make the f 
position more electrophilic. In step 2, a molecule of water intercepts the carbocation that was formed, 
and then a proton is transferred from one oxygen atom to the other (step 3). The carbonyl group is 
regenerated to form the enol derivative of the 1,3-diketone. Tautomerism can yield the f-diketone 
product (step 5), but the B-hydroxy enone is actually the more stable form. 


OH 
H 
H40* A GN 
+ H20 Ow 
* H 
OCH; Q OCH; © 
OCH; 

OH OH OH [e] 
" H20 tautomerism 
— ~A |. “=. 
$4 0 ee" o , 0 ; 
wea pens + CH4OH 

H 


24.5. The regeneration of citrate from aconitate proceeds by conjugate addition of water to the alkene 
double bond of the aconitate molecule. The process starts with the conjugate addition reaction of 
hydroxide ion, generated from water by reaction with a base within the enzyme active site (step 1); 
transfer of a proton yields citrate (step 2). 


oos ) o5 3) oo a "WB 
“ooo, RN © re o 
e "Od h 
/ 
- H ir 
Aconitate 


-00C H—B* -00C B 

\ LOH D \ LOH 8) 
/ 44 © Er 
-00C odd -000 Qu c d 
/ \ / \ 
H [og H o- 
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24.6. The retrosynthesis for a ketone with a heteroatom-containing substituent makes use of conjugate 


addition if the substituent is attached beta to the carbonyl group, and either alkylation or the Mannich 
reaction if the substituent is attached at the alpha position. 


An amino group attached to the carbon atom beta to a carbonyl group requires the conjugate 
addition of an amine to the corresponding oa,f-unsaturated compound, which is made according to 
the scheme shown in the solution to Exercise 24.1. 


^. Ok tee LDA, THF, -78?C (CH3)2NH 
— 
2.Ph$eC| —— PhSeCI 
3. H202 N(CH3)2 


An aminomethyl group attached to the carbon atom beta to a carbonyl group requires conjugate 
addition of cyanide ion to the corresponding a,f-unsaturated compound followed by a reduction 
reaction. (If the ketone were the desired product, the alcohol group could be reoxidized or the ketone 
group could be protected as an acetal before the reduction step). 


OH 
1. LDA, THF, -78°C LDA, THF, -78°C Å e. on ite DAI THF 
Z Phe PhSeCI cN 7 2H CH3NH? 


3. H;0; 3. OH- 


Attaching a dimethylaminomethyl group to the carbon atom alpha to a carbonyl group can be 
accomplished using the Mannich reaction. Hydroxide ion is added in a workup step to generate the 
Mannich base. 


+ = 
CH20, H20 NH(CH3), Cr OH N(CHs)2 
H2N(CH3)* CI- 


24.7. The base-catalyzed addition of a thiol molecule to an a,-unsaturated ester takes place in three 


steps. The base first reacts with the thiol molecule to generate a small amount of the thiolate ion (step 1). 
That nucleophile subsequently adds to the terminus of the conjugated system (step 2), producing an 


enolate ion. This enolate ion deprotonates another equivalent of the thiol reactant, which forms the 
product (step 3) and regenerates the thiolate ion for further reaction. 


NaOCHs; + PhSH CH30H + PhS” Na* 


©) 
e 6. 


i 
— m c — C * PhS- 
Noe © phs~ A ott © Phs^ Oy oet 


24.8. An epoxide ring that spans the alpha and beta carbon atoms of a ketone can be made using the 


hydroperoxide ion. Isolated double bonds do not react with this reagent. To prepare the needed o,p- 
unsaturated ketone, start with the saturated ketone and treat its corresponding enolate ion with PhSeCl 
and then hydrogen peroxide. The saturated ketone can be prepared via the Diels-Alder reaction between 
1,3-butadiene and cydohexanone. The starting compounds are shown in color. 
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24.8. (continued) 


Retrosynthesis 


C» 00 > CO > CC 


ur 


o o 
Ò $ ob amn c5 s od 
— [0] 
2 pos OH- 


24.9. In planning a synthesis that makes use of the Michael reaction, consider which stabilized enolate 
ion is needed to attach the desired fragment beta to the carbonyl group of an a,p-unsaturated substrate 
molecule. The starting compounds are shown in color. 


a. The-CH:;COOH group needs to be added to an a, B-unsaturated ketone to make the desired product, 
so diethyl malonate is used as the enolate ion precursor. Hydrolysis of the ester under conditions 
that cause decarboxylation leads to formation of the product. 


Retrosynthesis 
[e] [e] [e] 
Ry ria Un => b d: iid => i did + CH;(COOEt); 
COOEt 
Synthesis 


[*] o 
CH,(COOEt 
ee DOM ae SUPRA, COOH 
NaOEt, EtOH 
COOEt 
b. The-CH:CEDOH group is the reduced form of the -CH2COOH group, which comes from diethyl 
malonate. After the conjugate addition step, hydrolysis of the ester under conditions that cause 


decarboxylation yields the needed keto acid. Reduction of both carbonyl groups (ketone and 
carboxylic acid) generates the diol product. 


Retrosynthesis 
OH [0] [0] 
= = + CH2(COOEt 
om COOEt Ò x h 
OH 
COOEt 
Synthesis 


9 1. CH,(COOEt)., 
[y ==. NaOEt, EtOH a ene. . ether 
2. H30*, A CHCOOH 2 zmo OH 
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24.10. The interconversion between the two enolate ions in the Robinson annulation occurs by acid-base 
reactions in which the solvent (ethanol) functions as the proton donor. These acid-base steps are 
equilibria, but the equations have been written below to show how the electrons move to produce the 
enolate ion needed to form the six-membered ring. 


M TS sl 

| —— ——— 

m Om o GO A. 
CH3 C cH, CH; 


C 
/ 


H 


24.11. The Elcb reaction occurs by formation of the ketone's enolate derivative. When the carbonyl 
group is regenerated, hydroxide ion is expelled from the f-carbon atom to form the unsaturated ketone. 


~OEt 
Y^ —— — + OH 
LL Q me) ee © fe) l i 
HH H OH H 


24.12. In planning a synthesis that makes use of conjugate addition of a hydrocarbon group from an 
organocopper reagent, identify the fragment attached beta to the carbonyl group. The organocuprate 
reagent have that group is then prepared and allowed to react with the ketone. Acid workup yields the 
product. The starting compounds are shown in color. 


a. A Robinson annulation procedure is used to construct the bicyclic ring system. Conjugate addition 
of the vinyl group makes use of LiCu(CHCH») or LixCu(CN)(CHCH2)2 (shown). 


Retrosynthesis 
d 
= JO POOLE 
[o fe) fe) [e] 
EN 
Synthesis 
o [e] 
Ò L Xi S 1. LigCuCN(CHzCH5); 
——— ———————————— 
NaOEt o 2. H30* [e] 


EtOH S 


b. A seven-carbon ketone is an allowed starting material, so LiCu(C3H7)» (shown) or LizCu(CN)(C3H7) 2 
is used to introduce the propyl group. 


Synthesis 
[o] [e] 
1. LiCu(CH2CH2CH3)2 
a a n M 


2. H30* 
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24.13. In planning a synthesis that makes use of conjugate addition of a hydrocarbon group from an 
organocopper reagent, identify the fragment attached beta to the carbonyl group. If an alkyl group is 
also attached at the alpha position and on the same side of the carbonyl group, then use the tandem 
addition/alkylation procedure. 


a. Conjugate addition of the ethyl group from LiCu(@2Hs)2 is followed by a reaction of the resulting 
enolate ion with methyl iodide. 
[e] 
1. 1. LICU(CH:CHs)o 
PT UNE E CH3l 
b. Conjugate addition of the ethyl group from LiCu(C2Hs)2 is followed by trapping the enolate ion with 


the PhSe group. Oxidation causes elimination and regeneration of the double bond. The methyl 
group is subsequently added by means of a second conjugate addition reaction. 


o 
1. LiCu(CH;CH3); 1. Li3CuCN(CH3); 
— > — > 
2. PhSeCl 2. H40* 
3. H202 


24.14. An allylic alcohol is routinely made by reducing the carbonyl group of an enone. Many enones 
can be made by the route shown in the solution to Exercise 24.13b, which consists of conjugate addition 
of an alkyl group from an organocuprate reagent, trapping the resulting enolate ion with phenylselenyl 
chloride, and oxidatior/elimination of PhSeOH after treatment with hydrogen peroxide. 


a. After formation of the carbon skeleton by means of a conjugate addition and elimination reaction, the 
ketone carbonyl group is reduced using the combination of NaBH: and CeCl. 


o o OH 
uei (4 ) 

Ò 2 SePh 4. wo, 
— ————Í Pe es 


2. PhSeCl 2. NaBH,4, CeClz, MeOH 


b. Conjugate addition of the methyl group from LizCu(CN)(CHs)2 is followed by trapping the enolate 
ion with phenylselenyl chloride. Alkylation at the alpha position is accomplished by deprotonation 
with LDA followed by treatment with 1-bromobutane. Elimination of the PhSe group creates the 
double bond, and then the carbonyl group is reduced using the combination of NaBH: and CeCls. 


SePh SePh 
1. LigCuCN(CH3)? 1. DOES THF, -78?C 
_ 


2. PhSeCI CH, 2. power 


SePh ti 


1. SOMOS 


2. 2. NaBH, CeCl, MeOH CeCl,, MeOH 
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24.15. Besides the combination of NaBH: and CeCls, reduction an enone can be accomplished using a 
ruthenium catalyst and hydrogen. The advantage of using this latter method is the possibility of carrying 


out enantioselective reduction reactions with a chiral catalyst. Making the needed enone follows the 
methods seen in the previous exercises. 


a. The enone needed in this synthesis can be made using the crossed aldol reaction. The needed ketone 
and aldehyde molecules are made by reactions presented in previous chapters. Once the carbon 
skeleton has been made, the chiral Ru catalyst is used to make the chiral allylic alcohol. 


Retrosynthesis 
OH [e] [0] 
CHO 
> S 
= 270€ 
Synthesis [e] 
O 1. CH3COCI, AlCl3 C» p 1. NO. LZ THF H 
———- 
2. H30* 2. DMF 


3. H,0* 


o o 
CY^ : om NaOEt, EtOH O Su. [^ 
o OH 
S RuCL[(S)-xylbinap][(S)-DAIPEN] x 
e [I (CH3)4COK or K;CO; h » 


2-propanol, H2 


b. The enone needed for this synthesis can be made by oxidizing a racemic allylic alcohol formed as the 


product of a Grignard reaction. Once the carbon skeleton has been constructed, the chiral Ru catalyst 
is used to make the desired chiral allylic alcohol. 


Retrosynthesis 
OH [e] 
Br [e] 
— > Q AK 
H 
Synthesis OH [e] 
os 1. Mg, THF PCC, CH;Cl; 
— — > 
2. (CH3)2CHCH2CHO 
3. H30* 
[e] OH 


RuCl,[(S)-xylbinap][(S)-DAIPEN] 


(CH3)3COK or K;CO; 
2-propanol, H2 


24.16. The dissolving metal reduction of a conjugated ketone leads to formation of a specific enolate ion, 
which is then alkylated with the given alkyl halide. The trans isomer is often the major product if alkyl 
substituents are attached at adjacent carbon atoms. 
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24.16. (continued) 


fe) [e] 
eon 1. Li/NHs, Et;O, 1 eq t-BUOH CH3 
———————— 
Z^ 2. CH LL d 
fe) fe) 
i 1. Li/NHs, Et2O, 1 eq -BUOH pr a ! | 
Or 
2. ir ad 


Br 


a. 


24.17. Follow the procedure outlined in the solution to Exercise 1.34. 


a. Methyl 2-phenylselenylbutanoate 


but 4 carbon atoms 
an no double or triple bonds o 
oate ester functional group; the c-o group " 3 n CH; 
defines C1 of the carbon chain 43 0^ 
2-phenylselenyl a PhSe group is attached at C2 SePh 
Methyl a CH3 group is attached to the oxygen 
atom of the ester functional group 
b. (S)-3-Methyl-2-isopropylidenecyclopentanone o 
cyclopentanone a five-membered ring ketone with no other CH 
sites of unsaturation within the ring — A 3 
2-isopropylidene a -C(CH3) group atom is attached at C2 Sf 
3-Methyl a CH3 group is attached at C3 3 
(S) the configuration of C3 is (S) CH; 
c. 2,3-Epoxycyclohexanone o 
cyclopentanone a six-membered ring ketone with no other 
sites of unsaturation within the ring 
2,3-Epoxy an oxygen atom is bonded to C2 and C3 of the o 
six-membered ring to form the epoxide ring 
d. 2-Dimethylaminomethylcycloheptanone 
cycloheptanone a seven-membered ring ketone with no other 
sites of unsaturation within the ring o 
2-Dimethylaminomethyl the (CH3)2 NCH»- group is attached at C2 N(CH3) 
24.18. Follow the procedure outlined in the solution to Exercise 1.32. 
a. This compound is a five-carbon, cyclic ketone with no other sites HAC p 
of unsaturation within the ring: cyclopentanone; the position of ni 
the carbonyl group defines C1 of the ring. 
The substituents include a cyano group at C3 and a methyl NC' 3 


group at C2, and their relationship is trans. The name is trans-3- 
cyano-2-methylcyclopentanone. 
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24.18. (continued) 


b. This compound is a ketone with five carbon atoms in the longest fe) 
chain, and the C=O group is positioned at C3: 3-pentanone. 
The substituents include the dimethylamino group at C1, and Ez uis : N(CH3); 
the methyl group at C4. The name is 1-dimethylamino-4- 
methyl-3-pentanone. 


c. This compound is an aldehyde with five carbon atoms in the 


H3C 
chain, which has no double or triple bond: pentanal. s N Rs 
The aldehyde functional group defines Cl. Two methyl & o * * 
groups are attached at C2, and a nitro group is attached at C5. O2N-CH2CH2CH2 CHO 
The name is 2,2-dimethyl-5-nitropentanal. 
d. This compound is a ketone with four carbon atoms in the chain, 
which has no double or triple bond: but/an/one - butanone. i © 
The principal functional group (ketone) is at C1, which can 
only occur with alkyl aryl ketones. A phenyl group is also H3CS 3 - 


attached at C1, and a methylthio group is attached at C3. The 
name is 3-methylthio-1-phenyl-1-butanone. 


24.19. Conjugate addition of water to the B-chloro-a,f-unsaturated ester shown in this exercise creates a 
situation in which two good leaving groups are attached to same carbon atom. Addition occurs by 
proton activation of the carbonyl group (step 1), which is followed by the conjugate addition step. Proton 
transfer reactions (steps 3 and 4) generate the carbonyl group of the ketone. 


H 
* ^ H 
Cc o Cl OH *o-H oH 
C C C 

SV" oet Q NS" ort © Z NoEt 


o OH 


i> 4 
An I WE 
c EL AEE 
A "ott ® 7 "ott © Ž ~oe 


The next part comprises tautomerism of the enol form of the ester carbonyl group to its carbonyl form 


(step 5), the subsequent hydrolysis process (steps 6-9), and decarboxylation (step 10). The product at the 
end of this sequence is the enol form of the ketone. 


EN 
^ * 
o oO o o *oH 
uv — Pme w e page S c 

A "oEt © C^ "OEt (9 C^ "oEt 

JN /N 
H . H H H H 
H30 
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24.19. (continued) 


+ 
O OH O OH+ o 
pw n Gi H20 pw S J pu pup a | OH 
T aisi P dii S dimi 
c^ "oEt c^ "oEt C^ ToEt 
/\ /\ (8) 
H H © H H © H H H 
o tro 
o OH 
Laoag ae A | - CO, T 
c “Soet oo => —* So7 
Ps /\ ] 
H 


24.20. In performing the reaction in which our chemist friend adds water and base to the compound 2- 
isopropylidenecyclohexanone, conjugate addition of the hydroxide ion occurs as expected, forming 
compound A. This substance is a B-hydroxy ketone, however, so it undergoes a retroaldol reaction under 
the basic conditions being used (Section 23.1d). This retroaldol reaction generates acetone and 
cyclohexanone (compound B) as products. 


H 
[e] O- / OH o o^ 


<> X 2 om H20 
G p + o + -OH 


24.21. The enolate ion of diethyl malonate cannot be alkylated using tert-butyl bromide because the 
latter would undergo elimination under the basic reaction conditions. 


— oon N Y / " ;H 
COOEt COOEt 

= H—C H—C 

H—d: MN ucl \ 


+ C— CH, + Br 
A 
COOEt Hc” | COOEt / 

CH; HC 


Instead, diethyl malonate is treated with acetone under conditions of the Knoevenagel reaction (see 
Exercise 23.20), which produces the isopropylidene malonate derivative. The desired diethyl tert- 
butylmalonate is subsequently made by conjugate addition of a methyl group. 
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24.21. (continued) 


Even though you would probably choose lithium dimethylcuprate for this conjugate addition step, 
the simple Grignard reagent, CH3MglI, actually suffices. The unsaturated diester is obviously a potent 
reactant toward conjugate addition, so the presence of copper is not required. 


COOEt  et.NH, CH,COCH, HG foo 1. Licu(CHs)s HQ jeooet 
—————— C=C ——— H4C— C— CH 
V^ UN 2. H30* \ 
COOEt H3C COOEt H3C COOEt 
COOFt Et, CH,COCH, HG foo& 1. CHsMgBr HG jeooet 
or ————— c=c ———— —  HC—C—CH 
N 2. H30* 
COOEt H3C COOEt k H4C COOEt 


24.22. Follow the procedure outlined in the solution to Exercise 24.9. The starting compounds are shown 
in color. 


a. The-CH:;COOH group needs to be added to an a, B-unsaturated ketone to make the desired product, 
so diethyl malonate is used as the enolate ion precursor. Hydrolysis of the diester under conditions 
that cause decarboxylation yields the product. 


Retrosynthesis 
o O - 
COOCH; COOCH; 
CH,CH,COOH —» CH;-CH > CH, + ( 
COOCH; COOCH; 
Synthesis 
o Oo o 
CHyACOOCH:)> COOCH; o: 
6 CEA, CH;-CH D CH;CH;COOH 
NaOCH;, CH4OH ‘COOCH, 


b. This Michael reaction makes use of acrylonitrile as the a,B-unsaturated component and ethyl 
acetoacetate as the enolate precursor. 


Retrosynthesis 
2 COCH 
3 CN 
CH;CH;CN / 
Hc sel => cH + =—7 
H/ “COOEt COOEt 
Synthesis 
p q 
CN — H4C^ ^CH;COOEt ^C, ,CH2CH;CN 
CNG 
-— NaOEt, EtOH H/ "coott 


24.23. In this example of the Baylis-Hillman reaction, methoxide ion undergoes 1,4 addition to the 
unsaturated ester, which generates an enolate ion. This nucleophilic carbanion adds to the aldehyde 
carbonyl group in a crossed aldol reaction (step 2). 
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24.23. (continued) 


- AU. h Oo (0) 
CH0- OCH; CH4O OCH, HXO - 
<> ee A ———- 
a C + OCH3 
2 9 $ © 5. 


Upon workup with acid (step 3), protonation of the alcohol OH group creates a good leaving group (step 
4), and finally a molecule of water is eliminated (step 5). 


OH, O 
[x] N, HOt mee Ng HO" 
OCH; pem 
^ = o E 
con 
OCH; S OCH; 4 H.0+ 
oct OCH; 


24.24. The conjugate addition reaction of cyanide ion from diethylaluminum cyanide occurs by 
complexation of the diethylaluminum group to the carbonyl oxygen atom (step 1). This Lewis acid- 
Lewis base reaction activates the system for conjugate addition, and cyanide ion subsequently adds to the 
P carbon atom to form the diethylaluminum enolate (step 2). Workup replaces the aluminum atom with 
a proton, which tautomerizes to form the ketone product. 


O E ^ OL MOS 


M, CN 


24.25. To predict the structures of the products in each of the following transformations, learn the details 
of each reaction type, which can be found in the reaction summary section of the chapter. In some of 
these transformations, reactions from previous chapters have been included. 


a. Ana,f-unsaturated ester is reduced to the corresponding allylic alcohol using Dibal-H. 


(eee 1. Dibal-H [3 vom ai 
» achira 
2. H30* 


b. Anenolate ion reacts with Eschenmoser's salt to form a Mannich base. Reaction of the amino group 
of the Mannich base with ethyl iodide produces the quaternary ammonium salt. A new chiral center 
is formed, so the product is obtained as a racemic mixture. 


LEN LDA * + 
N(CH3)2 I- racemic 
2. CH =NMe,* CH;-NMe;* o^ wo CHCH; 


3. CH3CH,I 
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24.25. (continued) 


c. An @a,f-unsaturated ester undergoes conjugate addition reactions with nucleophiles. In this 
transformation, cyanide ion adds to the beta carbon atom. 


D dicini HON CN” "link achiral 


d Hydrogen peroxide and base react with a, f-unsaturated ketones to form the corresponding epoxide 
derivatives. Isolated double bonds do not react with this reagent combination. 


[e] 


HO», OH- 
202 N.R. 


e. An active methylene compound as its enolate derivative undergoes the Michael reaction with @,ß- 
unsaturated ketones, esters, and nitriles. Two new chiral centers are formed, but they are made 
independently of the other, so four stereoisomers are generated. 


x CH4COCH;COOEt EtOOC,, « ~N «CN 
——————————— 
NaOEt, EtOH ir 4 stereoisomers 


o^ “cH, > 


f. An organocuprate reagent delivers its alkyl group to the beta carbon atom of an a, -unsaturated 
ketone and generates an enolate ion. If an alkyl halide is added in the second step, its alkyl group 
becomes attached to the carbon atom alpha to the carbonyl group. 


1: eee AN 
racemic 
^2. CH=CHCH,Br CH2=CHCH,Br 


g- An a,B-unsaturated ketone is reduced to the corresponding allylic alcohol using sodium boro- 
hydride in the presence of cerium/(III) chloride. 


[e] OH 
CO NaBH,, CeCl3, MeOH o9 
ids ale iai ie cai ET racemic 


h. Ana,f-unsaturated ester undergoes conjugate addition when treated with an amine. 


dam VER. cy? racemic 


24.26. To assign the prochiral configurations of the different groups, follow the procedures outlined in 
the solution to Exercise 16.3. 

The identical carboxymethyl groups in the citrate molecule have priorities 3 and 4 in the Cahn- 
Ingold-Prelog system. If one of the methylene groups undergoes reaction (that is, if one of the methylene 
protons is replaced by an OH group), then these two groups no longer have the same priorities and C3 
becomes chiral. The carboxy methyl group can be designated as pro-(R) or pro-(S). 


424 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


24.26. (continued) 


H H H o pro-(R) H H 
$ 3 
Hoge- Ss. AUDOH — nÀ Hooc- ez H hones, cool 
f$ "oH OH Nou 
HOOC—CH, Hooc= dc 7 HOOC-CH; 
(S) as drawn, but the priority 4 pro-(S) 


group is coming forward, so 
the actual configuration is (R). 


Replacing a hydrogen atom of each carboxymethyl group makes the methylene carbon atom chiral, 
which in turn means that each hydrogen atom is either pro-(R) or pro-(S). 


E e prot) H HNA pros) 
2 " 2 
Hooc- ~ -COOH o" COOH Hooc— E~ , ^ C00H 
AS CN 4 x SW 
Hooc-cH, OH HOOC—CH, OH Hooc-cH, OH 
HOOC—CH HOOC—CH HOOC—CH 
4 „COOH t N „COOH ji „COOH 
di d SoH — HO uf ‘oH unnan c^ Saj 
H H Th pro-().. 7 H Ny > X948) 


1 


24.27. Draw the structures of the compounds (these can be found throughout the text), and then consider 
the type of reaction that is occurring. Use what you have learned about each reaction type to propose a 
reasonable mechanism. 


1. Citrate — Aconitate: In this first step of the Krebs cyde, dehydration of citrate occurs via an Elcb 
mechanism. The enolate derivative is formed by deprotonation by a base, B (step 1a), and then 
hydroxide ion is expelled as a molecule of water when the carbonyl group is regenerated (step 1b). 


-00C B -00C H—B) 
| LOH —— | LOH 
^ 
/— tp C o- 
90€ H—c—c 900 cd 
fuas N / 
Ü - H o- 
Citrate 
bas! fy, «Eg -H20 ad o 
pA Il 
S m © |. 
d UN ^ C) 00€. ox Py. 
pu | 
o- H 


Aconitate 
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24.27. (continued) 


2. Aconitate — Isocitrate: Hydration occurs by reverse of the dehydration mechanism. 


( —* \ 
"EL, pea Oe, us - ANN 
| es 
H OH 
Aconitate 
je) lon 
~~ 
-0-0 «Ce o-d H B) 
- N - =a - % " 
OO0C. CL „COO daa” aa POR 
H N zv 
OH H OH 


(2R, 3S)-Isocitrate 


3. Isocitrate — Ketoglutarate: Oxidation of the alcohol to form the ketone group proceeds with 
involvement of NAD* as a coenzyme (step 3a). Spontaneous decarboxylation occurs (step 3b) 
because the intermediate is a B-keto acid. This enol form tautomerizes to yield a-ketoglutarate (step 


3c). 


ÖF 
z -_ 
O-C H {P 
A - NADH cm y 
7"ooc. E,  ,CO0 : fo 
JA " US, i n 
a 
C O^ ws Il ~ "nc 8) 
a CONH? o 
i: (2R, 3S)-Isocitrate 
c 
N^ NAD* E- 
l 
n 
[e] 
I 
a el -000 ~~" coo- 
| ^B) ©) a-Ketoglutarate 
OH tautomerism 


4. Ketoglutarate — Succinate — Fumarate — (S)-Malate: After succinate is formed by another 


decarboxylation process (discussed later in the text), dehydrogenation produces fumarate. 
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24.27. (continued) 
H 


HH 
_ - -CO - -2H 
OOC COO” 25 OO0€ -00C 
Nit S coo- * A~~coo- 
l H H H 
a-Ketoglutarate Succinate Fumarate 


Fumarate then undergoes hydration by way of an enantiospecific conjugate addition process that 
involves addition of a molecule of water. 


" 
on ~ 38) HB) 
H ——— F 
Ci m © | Se 
-o^ coo- -o^ ^n coo- 
H 
Fumarate H 


coo- 


(S)-Malate 


5. (S)-Malate — Oxaloacetate: Oxidation of the alcohol, (S)-malate, occurs in step (5). This 
transformation requires NAD* as a coenzyme. 


(0) 
o H 
i V H - NADH Il 
i: TN 
-077 ~c~ “coo- © H)C^ ^coo- 
H2 
(S)-Malate :B ) coo- H—B*) 
S CONH; Oxaloacetate 
$i 
i 
R NAD* 


6. Oxaloacetate — Citrate: To complete the Krebs cycle, a crossed-aldol condensation takes place 
between oxaloacetate and acetyl coenzyme A (step 6a—see Section 23.2e). The resulting thioester 
undergoes hydrolysis via a tetrahedral intermediate to form citrate and coenzyme A. 
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24.27. (continued) 


Oxaloacetate 
fe) 
477A 
g I Cg -00C P" ^B) 
O0C. [D d | 
C coo —- H2C— 7—COO 
H | 
o 
Il Hoc... zo 
B di E B*—H [e] 
TE SCoA / 
H2 SCoA 
Acetyl CoA 
-ooc 
vo y | „OH 
mu PR H20 iS [e 
H,c— €— coo f he n V. M + CoA-SH 


2 OT 
b an H o- 


SCoA Citrate 


2428. A retrosynthetic analysis based on the Robinson annulation of methyl vinyl ketone breaks the 
bonds that remove the four-carbon ketone fragment from the product. If the six-membered ring has 
other functional groups, they are included as part of the ketone starting material The starting 
compounds are shown in color. 


a. Work backwards from the saturated ketone to the unsaturated ketone, and then disconnect the four- 
carbon unit. 


Retrosynthesis 


dAd S 4 L 


Synthesis 


J eae” CH3COCH-CH; Li/NHs, t-BUOH LO 
———————— 
T NaOELEIOH EtOH d d 


b. Ana,f-unsaturated ketone group is already present, so disconnection of the four-carbon unit reveals 
the other needed starting material, 1,3-cyclohexeneone. 


TY S € 
[e] 
LÒ > Pe. Jo io seer OO 
NaOEt, EtOH [e] 


c. The presence of an alkyl group beta to the carbonyl group suggests the use of a conjugate addition 
process with an organocuprate reagent. The needed starting material is the product shown in part 
(a.) of this exercise. 
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2428. (continued) 


Retrosynthesis Synthesis 
1. LiCu(CH3); 
Lt = LO Jo 
ie) z [0] [e] 2. H30* fe) = 
CH3 (from part a) CH3 


24.29. When you perform a reaction in which you know what the product will be (or is expected to be), 
focus on those spectroscopic features that are unique for the groups in the starting material and product 
molecules. Although many subtle changes will undoubtedly occur in several parts of the spectrum, it 
helps to look for a limited number of specific changes. 


a. For this transformation, the 'H NMR spectra of both molecules will display similar patterns of signals 
in the aromatic region. The product will display aliphatic proton resonances (chemical shifts 
between 6 0 and 5), which are absent in the reactant, and the starting compound will have resonances 
in the alkene region (ô 5-7, more downfield than "normal" because of the strong electron- 
withdrawing cyano group) that do not appear in the spectrum of the product. 

The carbon NMR spectra will differ in similar fashion: The product will have aliphatic carbon 
resonances, and the starting compound will have resonances in the alkene region. Both will have 
similar patterns of signals in the aromatic region. 


'H NMR spectrum 
A 867, 1H, doublet JE ede 
H H OCH 53.3, 3H, singlet 
M CN CN 
HP 
H H 
6 2-3, 2H, doublet 
Mina 6 5-6, 1H, doublet 
13C NMR spectrum 
H H OCH, 
| \/ 
CS CN » e m 
£N 
H H H 
D S 
5 110-150 Tom 
2 signals, 1H each (DEPT) 3 signals: 1 each of CH3, CH2, CH (DEPT) 


b. For this transformation, the 'H NMR spectrum of the product will have significantly more signals: 
new signals will appear in the aliphatic and aromatic proton regions, and the signals for the starting 
material in the alkene region will disappear. 


'H NMR spectrum 
5 -3, 1H, sextet P gi RA 6 -1.0, 3H, doublet 
Fi 867, 1H, dofq H CHO 
H o H 
i HCl Sc 
AA Hé. LCH H WH 
NS o 
H E Au 824, 2H, doublet 
ka = 


6 5-6, 1H, doublet : 
6 7-8, 5H, multiplet 
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24.29. (continued) 


The carbon NMR spectra will also have more signals observed for the product molecule. The 
main difference will be the appearance of two additional peaks in the region 6 110-150. 


13¢ NMR spectrum 
H [e] 
H o ni AA 
Cy AL Em © oo 
ri u eer H 
H l 
H 
— —— 
6110-150 6110-150 4 signals 
2 signals, 1H each (DEPT) DEPT: three with 1H; one with OH 


24.30. To predict the structures of the products in each of the following transformations, learn the details 
of each reaction type, which can be found in the reaction summary section of the chapter. 


a. An active methylene compound (as its enolate derivative) undergoes the Michael reaction with a,p- 
unsaturated ketones, esters, and nitriles. Hydrolysis in hot, aqueous acid leads to hydrolysis of all 
three ester groups and decarboxylation of the f-diacid unit. 


drolysis and 
EtOOC COOEt pars 


decarboxylation COOH 
of the onne deacon 
NOY ^ COOEt — COOEt ————- COOH + 3 EtOH + CO; 


Michael 
reaction 


b. An enolate ion undergoes the Michael reaction with a,f-unsaturated ketones, esters, and nitriles. 
Reduction occurs at both the ester and nitrile functional groups, forming a primary alcohol and a 


primary amine, respectively. 


CN CN CH3NH; 
CY » SE + t-BuOH 
Michael COO-t-BU Reduction CH20H 


reaction 


24.31. The retrosynthesis for ketones that have carbon-containing substituents makes use of conjugate 
addition if a substituent is attached beta to the carbonyl group, and either alkylation or the Mannich 
reaction if the substituent is in the alpha position. Compounds with rings are made via the Diels-Alder, 
Dieckmann, or Robinson reactions. The starting compounds are shown in color. 


a. This product has a methyl group beta to the carbonyl group, so the use of an organocuprate reagent 
is called for. The unsaturated ketone required for the conjugate addition reaction is made using the 
PhSe elimination methodology. The double bond in the product is also generated by elimination of 
the PhSe group after the conjugate addition step. 


Retrosynthesis 


Gates 
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24.31. (continued) 


Synthesis 
1; LDA, THF, -78°C -78°C E 1, LiCu(CHs), THE 
2 Pe) ——— Phe o——— 
3. H505 3. H202 


b. TheRobinson annulation provides the easiest route to prepare this bicyclic product. 
Retrosynthesis Synthesis 


Ax Ose 
NaOEt, EtOH o 


c. This product has a methylene group alpha to the carbonyl group, so the Mannich reaction is used to 
introduce that substituent. Formation of the enolate ion from cycloheptanone is followed by its 
reaction with Eschenmoser's salt. Alkylation of the nitrogen atom and elimination of trimethyl- 


amine yields the product. 
Retrosynthesis 
[e] [e] je) 
t= > Duc 
Synthesis 
[e] [e] 
1. LDA, THF, -78°C NaHCO, 
————— 
2. CH;2N(CH3)2* I . CH + (CH3N 
3. CH4I N(CH3)s T 
24.32. First, summarize the data with a set of equations. 
x 1. CHo(COOEt);, NaOEt, EtOH - 1. NaBH,, aq EtOH 
oe 
CHO 2. H30+, A 2. H30* Y 
1. O3 D C7H120 
2. H207 


1. BH3, THF 
" 2. H203, OH- 


C;Hi; — 3. CrO4, HOAc 
4. MCPBA 


The fact that compound A undergoes the Michael reaction suggests that it is an a, f-unsaturated ketone 
or aldehyde (only one oxygen atom is present). Addition of diethyl malonate followed by hydrolysis 
(and decarboxylation) adds a hydrogen atom and the -CH2COOH group, which means that compound B 
has the formula C;Hi0s Compound C has the same number of carbon and hydrogen atoms as 
compound B, so ozonolysis must be cleaving a ring to form a ketone and carboxylic acid (an aldehyde 
cannot be made under conditions that employ oxidative workup). If compound B has ketone and acid 
groups and was made by adding the -CH2COOH group to A, then compound A must be an a,f- 
unsaturated ketone. Possible structure for A (C5HsO) are as follows. 
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24.32. (continued) 
Oo Oo Oo 
Ae P ^Y 
Compound A cannot be a methyl ketone, however, because the proton NMR spectrum of compound B 
has no feature that is a singlet (besides the resonance for the carboxylic acid proton), and the structures 


predicted for compound B would be those shown below. Two of these compounds would display 
singlets in their proton NMR spectra for the methyl groups shown in color. 


(0) CHCOOH 


o o 
D ae anis ne Norcon 


Therefore, compound A is 1-pentene-3-one, and the other structures are as follows: 


[e] [e] 
sA DTE SAn coon R 
Á ' Bm 
[9] [e] 
"D T 
c 
24.33. The conjugate addition reaction of a radical is similar to that of a nucleophile except that the 


electrons move individually rather than in pairs. Initiation takes place as you have seen before (Section 
12.2d) by reaction of the radical derived from AIBN with tributyltin hydride. 


H4C CH3 H4C 
Mo—b edi —cu — 2 NC—c- + N 
rw YS / 2 
HC CH3 HC 
Hs C4Ho HG C4Hg 
NC—C*. 4 REI Aem —- NC—CH + i idis 
H3C C4Hs H3C C4Hg 


In the first step for the organic substrate molecule, the bromine atom is abstracted by the tributyltin 
radical. Addition of the radical to the double bond involves the carbonyl 7 electrons (step 2), which is 
what makes this process a conjugate addition process. 


Z4 e. Te) OCH; 
C4Hg—Sn«. 4 Lom | 
\ 
C4Hg 
fo > OCH3 


The resulting oxygen-centered radical reacts with tributyltin hydride (step 3), forming the cyclized ester 
product and regenerating the tributyltin radical, which can then react with more bromoalkyl substrate 
(step 1, above). 
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24.33. (continued) 


ELNE nci) [^ owt + — * S(CaHo)s 
OCH} ~—” OCH; 


24.34. Follow the procedure outlined in the solution to Exercise 14.21. 


a. From the given molecular formula, CiH«O, we calculate [2(4) + 2 — 6]/2 = 2 sites of unsaturation. This 
compound contains two double bonds, a triple bond, two rings, or a double bond and a ring. 

You are told that the IR spectrum displays a strong band for the carbonyl group, which accounts 
for one double bond. The other site of unsaturation is either a C=C bond or a ring. 

The data from the proton NMR spectrum are summarized in the table below. There are two 
general features: three alkene protons and three aliphatic protons. The presence of the alkene 
resonances accounts for the other site of unsaturation, a C=C bond. The fact that there are three such 
protons indicates a monosubstituted double bond. The carbonyl group must be a ketone (one 
oxygen atom and no aldehyde resonance). The singlet at ô 2.3 is attributed to the resonance of a 
methyl group adjacent to the ketone carbonyl group. The structure that produces this spectrum is 
methyl vinyl ketone (3-butene-2-one). 


Chemical Integrated Assignment Multiplicity No. adjacent 
shift (ppm) intensity protons (n) H 


H 
N / 
6.3 2 -CH; multiplet - Pe 
5.9 1 =CH doublet 1 CH3— EN H 
2.3 3 CH3 singlet 0 VY 


b. From the given molecular formula, CsHsO», we calculate [2(5) + 2 — 8]/2 = 2 sites of unsaturation. This 
compound contains two double bonds, a triple bond, two rings, or a double bond and a ring. 

You are told that the IR spectrum displays a strong band for the carbonyl group, which accounts 
for one double bond. The other site of unsaturation is either a C-C bond or a ring. 

The data from the proton NMR spectrum are summarized in the table below. There are three 
general features: a carboxylic acid proton, an alkene proton, and six aliphatic protons. The presence 
of the alkene resonance accounts for the other site of unsaturation, a C=C bond. The doublets at 5 
2.18 and 1.93 (each with 3 protons), must correspond to methyl groups, each coupled with a single 
proton. The structure that can produce such a spectrum is 3-methyl-2-butenoic acid. The two 
methyl groups are nonequivalent, and each is coupled with the alkene proton, which as a result 
appears as a septet (6 + 1 =7 peaks). 


Chemical Integrated Assignment Multiplicity No. adjacent 


Shift (ppm) intensity protons (n) 
12.2 1 COOH singlet 0 \ 
CH3 C—OH 
5.71 1 =CH septet 6 \ 
c=c 
2.18 3 CH3 doublet 1 f 
CH3 H 


1.93 3 CH3 doublet 1 


Solutions to Exercises for CHAPTER 2 5 


THE CHEMISTRY OF POLYCYCLIC 
AND HETEROCYCLIC ARENES 


25.1. The resonance forms for anthracene and phenanthrene are generated by moving the x bonds 
around the ring. In phenanthrene, C9 and C10 are connected by a double bond in four of the five 
resonance forms, so its length will be nearly the same as one in a typical alkene, which means that it will 
be shorter than the other carbon-carbon bonds in the rest of the molecule. 


Anthracene 
= e an 
Phenanthrene 


OB OY BBB 


25.2. Six resonance structures can be drawn for the carbocation that is formed when an electrophile 
reacts at C2 of naphthalene. 


Oot ant 


Only two of these have an intact benzene ring (shown in color, below). 


otk — có e Gn e 


yos 


| 
g 
| 

R 
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25.3. The methoxy group is a powerful ortho/para director and activator and the position para to it is 
blocked, but the products with a bromine atom ortho to the methoxy group are expected to form without 


trouble. 
Br 


OCH, OCH; OCH; 
Bro 
—— + 


Br 


This ring is activated by the 
presence of the OCH; group. 


The 1-position is generally the more reactive for naphthalene derivatives, but Cl is hindered in this 
starting material, so the 3-bromo compound may actually be the major product. 


the groups at C2 and C8 


OE 


25.4. The C9-C10 double bond is the most reactive in phenanthrene because a reaction there leaves two 
benzene rings intact. Oxidation produces a quinone in which the oxygen atoms are adjacent to each 
other. 


^ This position is hindered by 


dij HOAc 
Two intact Pr 


benzene rings 


25.5. As with oxidation of phenanthrene, bromination occurs at the C9-C10 bond, which leaves two 
intact benzene rings in the product. The bromine atoms will likely add trans, as they do with alkenes. 


Br 


CO, = COS 
ny Two intact J Q 


benzene rings 


25.6. Follow the procedure shown in Example 25.1. 


E H E H E H E H 
le, H H +H H H H H 
O => C (d — BY — FI 
zc zc P uS 


25.7. Pyridine derivatives undergo electrophilic substitution reactions slowly, but an activating group 
attached to the ring makes the reactivity toward substitution more like that of benzene. An activating 
group directs substitution to the positions ortho and para to itself. 
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25.7. (continued) 


a. The amido group is an activating ortho/para director, so its influence directs the course of the 
reaction between this pyridine derivative and the electrophile NO”. 


BEN NO;* Sy NO; ON SY 
| — d aa | 
zc zc Ze 
N NHCOOEt N NHCOOEt N NHCOOEt 


b. The amino group is an activating ortho/para director, so its influence directs the course of the 
reaction between the pyridine derivative and the electrophile HSO>. 


NH; NH; 
SY HSO,;* SY SO3H 
| EEG 
P zc 
N N 


25.8. Pyridine has approximately the same reactivity as nitrobenzene in the sense that the ring is electron 
deficient compared with benzene itself. Recall that a halogen atom ortho or para to a nitro group is 
readily substituted by nucleophiles (Section 17.4e). A halogen atom at C2 or C4 in a pyridine derivative 
reacts in the same fashion. 


CI CI. OEt OEt 


One resonance form of 4-chloropyridine places a positive charge at C4 (structure in box, above), which 
makes C4 even more attractive toward nucleophiles. The electronegativity of the Cl atom makes C4 
electron deficient, too. 


25.9. The negative charge on the oxygen atom in pyridine-N-oxide reacts with the positive metal ion of 
the Grignard reagent (step 1), and the phenyl group adds to the adjacent double bond, which has been 
activated by the presence of the nitrogen atom with its positive charge (step 2). When the reaction 
product of step 2 is treated with water during workup, the N-hydroxy compound is formed (step 3). 
Elimination of water takes place to regenerate the aromatic pyridine ring (step 4). 


PhMgBr QO 5 Okt a CX" 


ji M | | Ph 
FN. > Ph OT OH 
Mg 
Br Br 
ba N o ls 
| »" H =A | E + 2 H20 
a Ph N Cpn 
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25.10. 2-Vinylpyridine reacts readily with nucleophiles, so the Michael reaction can occur just as it does 
with a,B-unsaturated ketones. A stabilized carbanion is formed by the acid-base reaction between 
diethyl malonate and ethoxide ion, and this enolate ion adds to the double bond conjugated with the 
C=N bond of the pyridine ring (step 1). Regeneration of the aromatic system occurs with the transfer of a 
proton from the solvent (step 2). The ethoxide ion that is formed subsequently reacts with diethyl 
malonate, so only a catalytic amount of base is required to make the overall transformation successful. 


:CH(COOEt), + EtOH 


CH;(COOEt), + NaOEt 


S :C 
| , (^ FCHICOOEt) 
No Q9 


25.11. This reaction is an example of the crossed aldol reaction. A carbanion is formed by deprotonation 
of the methyl group of 2-methylpyridine-N-oxide (step 1), and this nucleophile adds to the carbonyl 
group of the aldehyde (step 2). A proton transfer occurs (step 3), and a molecule of water is lost via the 
Elcb pathway (steps 4 and 5) to form the unsaturated product. 


SS SS o S [e] 
Í - Uy "E |H 
Z Z R—C Moe DR. 
zo ©) +N CH b? Q +H £ R 
2 
[on [on o 
| Z tc Saar | tc "/— | M (zh 
add x ENS 
N C N 
* | H © * |* IN R ® | | 
ba O- H H o- 
Í S E" -oH Í PS H 
n MS en" — Pu —R = NMe; 
N P ^a O EN R 
O H O H 


The following resonance structures for the conjugate base of 2-methylpyridine-N-oxide account for the 
relatively high acidity of the protons of the methyl group: 


a ~ HEA ANH P 

| _— — | -—— <> -— | B 
P m b AJ 3 3 m 
N^ "CH; CH; PN? CHS N^ "CH, +N CH; 


i l | | 

om om [^n Or [^n 
25.12. The reaction shown in this exercise is a variant of the crossed Claisen condensation The 
heterocycle's methyl group is deprotonated by the strongly basic amide ion (step 1), and the resulting 
carbanion adds to the carbonyl group of the ester (step 2). Regeneration of the carbonyl group displaces 
the ethoxide ion (step 3). As in any Claisen condensation, deprotonation of the product occurs (step 4), 
but aqueous workup regenerates the neutral product (step 5). 


CHAPTER 25 / THE CHEMISTRY OF POLYCYCLIC AND HETEROCYCLIC ARENES 437 


25.12. (continued) 


DLE MOK v uet 
AAT s I e Le. 


c^ 3 


25.13. The five main steps in the pyrrole synthesis are given in the text, and the details of step 1 are given 
in Example 25.2. In step 2 of the overall process, the nitrogen atom—a nucleophile— adds to the ketone 
carbonyl group, which is then protonated (step 3). A good leaving group is formed by a second 
protonation of the OH group, and elimination of water creates the second double bond. What amounts 
to a tautomerism step completes the reaction sequence that produces the N-alkylpyrrole molecule (step 


5). 
R H30* R 
ao B na Er x 
i? [om boc OH 
H 
es dE 
Con, 


25.14. Resonance forms that can be drawn for furan and thiophene are like those shown for pyrrole 
(Section 25.3a) in which an electron pair is delocalized onto every atom of the ring. 


ee C$ «D - Onn D 
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25.15. The first step in the given sequence is a Friedel-Crafts acylation reaction, and substitution takes 
place at the C2 position, as expected. The second step is the Wolff-Kishner reduction (Section 20.1e), 
which converts the acyl group to the hydrocarbon substituent. 


/ \ (CH3)2CHCOCI Wolff-Kishner aes 
g SnCly reduction g 


R 
25.16. Recall that electrophilic aromatic substitution involves two steps (Section 172a). In the 
biosynthesis of tryptophan, the electrophilic carbon atom of the side chain precursor is intercepted by the 
x electrons of the heterocycle (step 1). Deprotonation of the cationic intermediate regenerates the 
aromatic z system (step 2). 


T o 
H2C o7 wet » coo- 
H 
a j CH2 (A2 aio , 
s 3 s H 
N —— — tu ———— N H 


y a ` © y 


25.17. Valence bond representations for the heterocycles oxazole, thiazole, and pyrazole are like the one 
shown for imidazole in Section 25.4a. In the thiazole and oxazole molecules, one unshared electron pair 
on the S or O atom is part of the 1 system. The other electron pair on the O or S atom is perpendicular to 
the x bonds. 

For pyrazole, the orbital representation for each atom is the same as for the corresponding atom in 
imidazole; the difference is that the nitrogen atoms are adjacent to each other in pyrazole. 


25.18. The mechanism of the benzoin condensation begins with formation of the thiazolium carbanion, 
which adds to the carbon-oxygen double bond of benzaldehyde (step 2). Intermediate A is an unusual 
species because the benzylic hydrogen atom (shown in color) is relatively acidic, being adjacent to the 
heterocyclic ring (THM) as well as the benzene ring. This proton is transferred to the basic oxyanion 
(step 2), and the resulting carbanion adds to the carbon-oxygen atom of another molecule of 
benzaldehyde (step 3). Regeneration of the carbonyl group occurs by the intramolecular acid-base 
reaction that displaces the thiazolium anion as a leaving group. 
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25.18. (continued) 


CH H 
3 (THM) 3 
[0] -— 
€ i € J T cn 
O ^H THM OW O~ 
A 
[e] TH 
2" Ci e P H ) " 
FX ——- + THM- 
© H Ph © " ‘oH 


25.19. The mechanism of the cyanide-catalyzed benzoin condensation begins with formation of the 
cyanohydrin anion, and then it follows the same series of steps shown in the solution to Exercise 25.18. 
Cyanide, like the thiazolium ion, has the feature that it makes the benzylic hydrogen atom of 
intermediate B relatively acidic. 


EO NC. P NC 
ow => CO Pii 
O © 
B 
NC to NC — O—H o 
\ ! AN / Il 
& OM pn PH <4 M -eN- ^. JO 
p = pa 
© H m © H OH 


25.20. To interpret the name of heterocyclic compounds, first deduce the structure of the parent 
heterocycle. Then number the atoms of the ring (the heteroatom is normally assigned as the 1-position), 
and indicate the positions of the substituents with the appropriate numbers. 


4 


a. 2-Chloro-5-methylpyridine HC. 5 -— 
pyridine parent heterocycle; the nitrogen atom is the 1-position TA 
zc 
N 
1 
1 


2-chloro a Cl atom is attached to C2 
5-methyl a CH3 group is attached to C5 


b. (S)-3-methyltetrahydrothiophene 


thiophene parent heterocycle; the sulfur atom is the 1-position S 
tetrahydro the thiophene double bonds have been reduced 2 
3-methyl a CH3 group is attached to C3 N | 
(S) the chiral carbon atom has the (S) configuration 3 
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25.20. (continued) 


c. 3-Thiacyclobutanone o 
cyclobutanone cyclic four-carbon saturated ring with a ketone group; 
the carbonyl carbon atom is C1. | | r 
3-thia a sulfur atom replaces a carbon atom at the 3-position > 2 
d. 3-Hydroxypyridine-N-oxide ŢȚ 2- OH 
pyridine parent heterocycle; the nitrogen atom is the 1-position | 2 
3-hydroxy the OH group is attached at C3 P N^, 
N-oxide the nitrogen atom has an oxygen atom attached A 
e. Methyl 3-pyrrolecarboxylate 3 
pyrrole parent heterocycle; the nitrogen atom is the 1-position C—OCH3 
3-carboxylate the carboxylic ester group is attached at C3 3 
methyl a CH3 group is attached to the oxygen atom of the ester / \ " 
N 
H1 


f. 2-Mercapto-4-nitroimidazole 


imidazole parent heterocycle; the nitrogen atom that defines the ON 
the 1-position has a proton attached E Na 
2-mercapto the SH group is attached at C2 / Mae 
4-nitro the NO» group is attached at C4 SH 
Na 
g- 3-Acetyl-5-tert-butyl-1-methylpyrazole 
pyrazole parent heterocycle; one of the nitrogen atoms O 
is the 1-position V CH3 
3-acetyl the CH3CO group is attached to C3 4 3 
5-tert-butyl the (CHs)C group is attached to C5 AW 
1-methyl a CH3 group is attached to the nitrogen atom that 5*N^ N 
defines the 1-position | , 
CH3 


25.21. Follow the procedures outlined in the solution to Exercise 1.17. Identify the parent heterocycle, 
and then specify the substituents and their attachment points in the normal way. 


a. This compound isa derivative of pyridine. An amino group HoN N 1 cl 
is attached at C2 and a chlorine atom is attached at C6. The 2 Í > 6 
name is 2-amino-6-chloropyridine. Tu 


4 


b. This compound is a derivative of oxazole. A methoxy group N 1 
is attached at the 2-position, so the name is 2- [L N—ocu, 
methoxyoxazole. o ? 
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25.21. (continued) 


CH COOH 
c. This compound is a derivative of imidazole. An isopropyl 


/ 
1 
group is attached at C2, and the carboxymethyl group is | ^ — 
attached at the 1-position. The name is 1-carboxymethyl-2- » 2 (CH3)2 


isopropylimidazole. 
d. This compound is a derivative of pyridine. A cyano group prn 
is attached at C3 and an oxygen atom is attached to the INS j 
nitrogen atom. The name is 3-cyanopyridine-N-oxide. | 
Z. CN 
e. This compound is a derivative of furan. A fluorine atom is o1 
attached at C3 and a methyl group is attached at C4. The 2 \ / 
name is 3-fluoro-4-methylfuran. 
3 4 
CH; 
f. This compound is a derivative of pyrrole. An aldehyde Hı 
group is attached at C2, so the name is 2-pyrrolecarbal- N CHO 
dehyde. \ / 2 


25.22. The nitrogen heterocycles that are present in these drug molecules are identified by removing all 
of their substituents. 


Miconazole Propiram Isolan 


Piperidine 


When this molecule is deprotonated, the negative charge can be delocalized throughout the ring as well 
as on the oxygen atom. 
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25.23. (continued) 


NO 20 Ns s N.. 20 NO JOE Neue" 


Thus, when this anion is treated with methyl iodide, alkylation can occur on either the nitrogen or 
oxygen atom. 


N 9 cu, N 9 N o ~on Ci Nw mi 
| Z | P | P or 


25.24. The resonance structures that can be drawn for pyridine-N-oxide place a negative charge at C2 
and C4, which explains why electrophiles react at those positions. 


B Oo BE "d 
| e | oc | — c | 
N^ SN N **H He N4 
d +i m - d 

Ho His 10:7 :O «G 


For the intermediates that are formed after pyridine-N-oxide reacts with an electrophile at the 2-, 3-, or 4- 
position, we see that only when reaction occurs at C2 and C4 are there contributors that have a single 
charge (shown in color below). Otherwise, the resonance forms will have three charges (two positive and 
one negative). As to why reactions occur at C4 rather than C2, steric effects between the incoming 
electrophile and the oxygen atom attached to nitrogen probably play a role. 


[^ bit di Pg 

N E -— b E t & E 
+ 

+ +) H 

R 


reaction at C2: 


reaction at C3: 


H 
E E E 
+ S S 
H | -—— H <—> H 
NS x $ k 
+N eN H H^ XN 
- o a [6 am O:- 
reaction at C4: 
EON E H E H 
H H 
| | -> t | <> | T 
© ZA 
TN +N TN 
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25.25. Pyridine-N-oxide undergoes alkylation at its oxygen atom by an Sn2 process (step 1). A 
nucleophile (cyanide ion in this exercise) subsequently adds to the x bond(s) at C4 or C2 (step2), and 
electrons flow toward the positively-charged nitrogen atom, the electrophilic center. Methanol is 


subsequently eliminated to regenerate the aromatic t system of the pyridine ring (step 3). 
HaC— Coso;cF, E -ON I. 
» .. 
i" 
Las Loch, 


= È + CH,OH + H;O 
CF4S0,- 
B = 
( Por. CN ar ul Oe CH4OH + H;O 
P 


OCH; Con, 


NC H 


25.26. To assign chemical shifts to the resonances of the protons in pyridine, consider the resonance 
forms of the molecule as well as the splitting patterns. A proton attached to a carbon atom with a 
positive charge in an important resonance form tends to be deshielded, and its NMR signal appears 
farther downfield. A proton attached to a carbon atom with a negative charge in a resonance form tends 
to be more shielded, so its peak appears farther upfield. 


Ha 
Hp EN Hp Hp Hp 
Am 
WU CN HB He He 


The signal for H- should be the farthest downtield because its positive charge is closer to the negative 
charge on the nitrogen atom, which will make these forms contribute more to the resonance hybrid. The 
signal for Ha should be farther downfield than the one for Hb. 

The splitting patterns reflect the proximity of the different protons to each other, although the 
magnitudes of coupling constants are often small in heterocycles. The integrated intensity can also be 
used to make the correct assignments. The following assignments are the expected results: 


ro triplet 57.65 
Hoo triplet 5 7.25 
N^ 
^ kd eem 2H, doublet 5 8.60 


25.27. 3-Methylthiophene undergoes electrophilic substitution reactions at C2 and C5. The methyl 
group will hinder C2 somewhat, so reactions will occur preferentially at C5. Hydrogenation reactions 
are normally poisoned by the presence of a sulfur atom in organic compounds, and aromatic rings are 
not susceptible to catalytic hydrogenation at room temperature anyway. 
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25.27. (continued) 


a. 


The electrophile in this reaction is Br’. 


S S Br 


Q sem CH4COOH 5 V 4 


The electrophile in this Friedel-Crafts acylation reaction is PhCO*. 


+ 
d 
— 


CH; CH; 


eee 


No reaction occurs with these reagents under these mild conditions (heat and high pressures of 
hydrogen would be required). 


The electrophile in this reaction is HSO:. 


. H0. —— HOS S S` L-SO;H 
awm cy 
CH; CH3 


The electrophile in this reaction is NOx. 


BELL oN ^S S NO; 
Q xm Ac;O X1 j Cr 
CH3 CH3 


25.28. To predict the structures of the products in each of the following transformations, learn the details 
of each reaction type, which can be found in the reaction summary section of the chapter. In some of 
these transformations, reactions from previous chapters are also included. 


a. 


Indole is a reactive heterocycle in electrophilic substitution reactions, and the incoming electrophile 
reacts at C3. The purpose of the hydroxide ion is to make sure that no acid is present, which in some 
cases will protonate a nitrogen-containing heterocycle. 


H H 
N 1. Br;, CH3COOH i achiral 
— 
7 / 
2»0H: 


A strong base such as LDA deprotonates many heterocycles, especially if a proton is attached to the 
carbon atom between two heteroatoms. The resulting carbanion adds to the carbonyl group of the 
aldehyde in a crossed aldol reaction. Acid workup yields the racemic alcohol product. 


N 
[ y 1. LDA, THF $ [Si racemic 
O 2. pentanal Vis cH; CH,CH; 


CHAPTER 25 / THE CHEMISTRY OF POLYCYCLIC AND HETEROCYCLIC ARENES 445 


25.28. (continued) 


c. Pyridine will undergo electrophilic substitution reactions, and the presence of a methoxy group will 
enhance this process. The electrophile reacts at C3, which is ortho to the strongly activating methoxy 
group. The purpose of the hydroxide ion is to make sure that no acid is present, which would 
protonate the nitrogen atom of pyridine. 


OCH; OCH; 
» 1. Bra, CH3COOH CY e achiral 
——— ———— ne 
Z fm 
N 2. OH- N 


d. Pyridine can act as a nucleophile with reactive alkyl halides.. A salt is obtained as the product. 


Í SS BrCH;COOEt ^X 5 
——————— 
d e achiral 


N N A 
CH;COOEt 


e. The protons of a methyl group attached adjacent to the nitrogen atom of an aromatic heterocycle are 
often acidic, so a carbanion derivative can be formed in step 1. Addition of this carbanion to the 
aldehyde carbonyl group followed by hydrolysis yields the benzylic alcohol as the product. Under 
acidic conditions, elimination occurs to produce the alkene. The aqueous base in the last step 
neutralizes the acid used in step 3. 


H 
(X Im 1. LDA, THF (^ YA uum 3. H30* (> Ş 
2. 2 PRCHO — 4. OH” N^ H achiral 


f. Animidazole ring is alkylated at one of its nitrogen atoms when its conjugate base is treated with an 
alkyl halide. Subsequent treatment with LDA and an alkyl halide leads to alkylation at the 2- 
position. Hydrolysis of the methoxymethyl group, which is equivalent to the acetal functional group, 
yields the product 2-methylimidazole. The aqueous base in the last step neutralizes the acid used in 
step 3. 


1. LDA, THF 
N N 2. CHI N 
1. NaH, DMF 3 
[L 3 ———ÀÀ [ y [L Y—cn, achiral 
N 2. CICH;OCH; N 3. H30*, ^ N 
H \ 4. OH- H 
CH20CH; 4 


25.29. Benzimidazole uses the same orbitals as those used to construct the imidazole ring. 


a. The benzene portion has p orbitals that overlap with the x bonds of the heterocyclic ring. The NH 
nitrogen atom provides two electrons to the x system; the N atom has its unshared pair perpendi- 
cular to the x system. 
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25.29. (continued) 


b. Like imidazole itself, the NH group is acidic, so it can be converted to a nucleophile using a strong 
base. Alkylation then takes place via the Sv2 mechanism. 


NaH CH34CH5;CH?Br N 
Q, y Bac SEU TE Rn 2r y 
DM N 
h CH;CH;CHs 


c. An amino group of o-phenylenediamine can participate in an acid-base reaction with the 
carboxylic acid, but it can also add to the carbonyl group of the carboxylic acid (step 1). A 
proton is transferred to produce the amino gem-diol (step 2). 


Ox. 
RCOOH 7 i NH4 RCOO- 


Transfer of a proton from one of the OH groups to the amino group accompanies carbonyl 
group formation (step 3), and protonation of the oxygen atom yields a carbocation (step 4). 


NH H NH NH 
CX E, -z- CCP CX E 
—— = 
C—R —C wo OS 
N-a N SS N SS 
H E © H R © H R 


The amino group intercepts the carbocation (step 5), and after a proton transfer step (step 6), 
dehydration yields the benzimidazole derivative e 7). 


H 
NH; oH N. toH 
pcs aN A 
+ E. — 
AON AOR © ae ^R 
H R I 


N oH Ñ 
Nc OH- X. 
c -e —R + 2 H0 
oy © P 
H 


25.30. In forming the oxazole ring, the oxygen atom of formamide displaces chloride ion by an Sn2 
process (step 1), which is followed by a proton transfer step to create a carbocation (step 2). 
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25.30. (continued) 


* Cr 


Lo 

C HN.Y H HN H 

o H^ “NH? o X HO we 

AM 9 AMP.6 AAA 
cl 


Next, the NH group intercepts this carbocation (step 3), which is followed by another proton transfer 
reaction (step 4). 


HN. -H Che H HO iyd 


Finally, dehydration produces the oxazole ring. 


"Hoi Na. -H cr NA 
— puo * HCI 
^c J m " 


25.31. Many synthetic pathways that are used to make heterocycles rely on making a bond to a 
heteroatom (often nitrogen), which can be done using Sn2 or Michael reactions. With the constraint that 
the starting material must have six or fewer carbon atoms, many heterocyclic rings will not need to be 
prepared from acyclic precursors. The starting compounds are shown in color. 


a. The imidazole ring has fewer than six carbon atoms, so it is one of the starting materials. A Michael 
reaction is used to create the C-N bond. 


Retrosynthesis 
[z^ S OEt 
Rui pers s — NN * m 
o 


[e] 
" OEt NaOEt, EtOH [^ 7X 
— ~ 
Na, NH adi d ibid dii 
fe) 


[e] 


b. Both pyridine and piperidine have fewer than six carbon atoms, so these cyclic compounds constitute 
the needed starting materials. Substitution of a chloride ion occurs after converting the amine to its 
conjugate base using butyllithium. 


Retrosynthesis Synthesis 
"SN ` N HN HN 1. BuLi, THF N 
Q Q " O | Zs 
S 
N^^N N^ cl " QA N^^N 
L^ 
N* ~cl 
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25.31. (continued) 


c. Pyridine has fewer than six carbon atoms, so it constitutes one starting material. The acetyl group is 
attached via the Friedel Crafts acylation reaction, and then a Horner-Emmons reaction is used to 
make the carbon-carbon double bond. 


Retrosynthesis 


x. COOEt 
CY — Cy * (MeO);PO-CHCOOEt 
fm D 
N N 


Synthesis 


fe) 
SoH 1. [í SOC o WN COOEt 
| + (MeO),PO-CHCOOEt — || 
N^ 2. "2 UcwCH) N^ 


25.32. The NMR spectrum of A reveals the presence of an aldehyde group (signal at ô 9.7) and there are 
three protons in the aromatic region. This compound cannot be a benzene derivative because it contains 
only five carbon atoms, so it is most likely an aromatic heterocycle. The given reactions can be 
summarized as follows: 


o 
1. HSCH;CH;CH5SH, ZnCl, H30+, A 
A ———————— B ——- 
2. Raney Ni ae 
CsH,O, CsH,O 


The formula suggests that compound A is a furan/aldehyde, so two possible structures are I and II, 


below. 
Han ON - CHO ees He 
Hp Hc Hy CHO 


If structure I is correct, then the first series of reactions leads to removal of the carbonyl group via 
thioacetal formation and desulfurization. Hydrolysis yields the keto aldehyde, which can then undergo 
an acid-catalyzed crossed aldol reaction to form the unsaturated ketone. The splitting patterns in the 
proton NMR spectrum do not permit assignment of the correct structure because the coupling constants 
are much smaller than those observed for derivatives of benzene and the triplet and two doublets 
patterns expected for compound I appear instead as a doublet and two singlets. 


H. 79. UcHo H9. cc — HZ 9 en 
SOE Eo 
H H H H H H 


A B 


Solutions to Exercises for CHAPTER 26 


POLYMERS AND POLYMERIZATION 


261 The monomer used to make each polymer can be deduced by looking for the repeating unit within 
the polymer structure. For an addition polymer (one made from an alkene and consisting of a carbon 
chain), the name of the polymer has the prefix "poly" in front of the monomer's name. 

For condensation polymers (those with functional groups or heteroatoms within the chain), consider 
how that particular functional group can be made and adjust the structure of the repeating unit 
accordingly. 


a. Thename of this polymer is poly(1,2-difluoroethene). 


F F F F F F F F 
| Y | | d | | | D T 
--C—cC—c—c—c—c—c—c----  — c—c 
L L 4 d Lb ok ok J 7 \ 
H H H H H H H H H H 


1,2-Difluoroethene 


b. The name of this polyester is poly(3-hydroxybutanoate). An ester is made from the carboxylic acid 
and alcohol functional groups by removing a molecule of water, so we have to add the elements of 
water to the repeating unit to identify the monomer's structure. Notice that the name must also 
reflect the functional group that is present in the polymer. Even though the monomer's name is 3- 
hydroxybutanoic acid, the polymer's name ends in "oate" to denote the presence of the ester 
functional groups. 


ui dinde dic dio die dd dio CS 
[e] CH3 [e] CH3 o CH3 [9] CH3 [9] 


3-Hydroxybutanoic acid 


262 The configuration of each stereogenic center is specified in the usual way after assigning the 
priority to each group attached to the stereogenic carbon atom (two specific carbon atoms are labeled to 
show how these assignments are made). Configurations of the atoms in the isotactic polymer occur in 
two blocks, (R) at one end of the chain, (S) at the other. At the midway point of the chain, the 
priorities of the two groups will switch, so the configurations will be opposite one another at 
equivalent points of the chain. 


i ™~ 


F d ^ 


(qu. £4313) "TELS 
gr^ D Gg 
V F k A 
Isotactic «fn H CH3 Ti Ti npe ;^ | H CH3 H CH 
277 (R) (R) (R) (R) (S) (S) (S) (S) ()"-- 


450 ORGANIC CHEMISTRY SOLUTIONS MANUAL 


262 (continued) 


Configurations in a syndiotactic polymer alternate, except at the very middle of the chain where the 
priorities switch, which results in two adjacent carbon atoms having the same configuration. 


Syndiotactic H CH3 


H CH3 usc H CH3 usc H CH3 Hzc H CH3 u.c H 


(R) (S) (R) (S) (R) (R) (S) (R) (S) ``- 


In a very long chain, the overall effect of chiral centers is negligible because an approximately equal 
nunber of each configuration exists. Even though the carbon atoms toward the middle of a chain are 
chiral (four different groups), the effect of this chirality on the rotation of plane polarized light is 
probably minimal. For instance in C1000-CH(CH;)—C1001, the two chains are close enough in length 
as to be essentially the same. 


263 Isobutylene reacts with H[BF;OH] to form the tert-butyl carbocation (step 1). Another molecule of 
isobutylene usually intercepts this carbocation in the growing polymer chain (step 2). 


A H^ Hs 
F T C=C CH 
H , dais H[BF30H] Y CH3 " tH, H3C 3 
=C ~ H3C —C + pw H3C — C —CH5-C E 
PF X (9 \ (2) / \ 
H CH3 = CH3 H3C CH3 


When isoprene reacts with the carbocation instead, the more highly substituted double bond reacts 
preferentially because it is the more nucleophilic of the two double bonds (step 3). Moreover, a tertiary 
carbocation is formed in this step. 


H3C \ CH H3C CH CH 
N » A 4 "N [ee 


H3C a ee + 

3 

HaC CH3 9 H3C CH3 ach, 
H 


The carbocation formed in step 3 is also stabilized by resonance, as shown below. The cation that reacts 
in the next step is the one that leaves the more highly substituted double bond in place. Hence the 
primary allylic carbocation is the one that is intercepted by the next molecule of alkene (step 4). 


AA 
H3C CH3 CH3 H3C CH3 CH3 c=c 
| / | f f H CH 
H3C —C—CH2—C—CH2-C + <— > H3C —C—CH2—C—CH2-C ý etc. 
/ | \ / | N © 
H3C CH3 pron H3C CH3 F ms 
H H 


264 The free-radical polymerization of methyl methacrylate starts with formation of the 
isobutyronitrile radical from AIBN: 


H3C CH3 H3C 
V^ ^ / ^ \ 

NC —C —N=N—C——CN ——— 2 NC—C* + No 
/ 


H3C CH3 H3C 
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264 (continued) 


The isobutyronitrile radical adds to the double bond of methyl methacrylate (step 1), and the resulting 
radical is intercepted by another molecule of methyl methacrylate (step 2). This addition reaction is 
repeated many times to form the polymer product [Init = (CH;),C(CN)—]. 


H3C y HN cH, H CH3 Á HON CH; 
GT. X X 7 ko wf & v 7 
NC—C* F ean — MEER FTON ee 
d S 
H3C gy o CO2CH3 © H CO2CH3 H r CO2CH3 ©) 
E. ES 
H CH; H CH3 / H \ chs H CH3 CH3 CH3 
V | | C" NY. ux 4 / 
Int —C—C C—C. C—C — —» Init —C—C —CHj—C —CH;-C* 
/ | | E GEN © 7 | l N 
H CO2CH3 H CO2CH3 H CO2CH3 H COCH} CO2CH3 CO2CH3 


26.5 Any amino acid with a nucleophilic group in the side chain that can readily lose a proton is a 
candidate for initiating the polymerization reaction of methyl cyanoacrylate. The list includes amino 
acids with the alcohol, thiol, carboxylic acid, phenol, amine, and imidazole group in their side chains. 


Serine -CH5-OH Threonine -CH(-OH)CHs 
Cysteine -CH2-SH Tyrosine -CgH4OH 

Aspartic acid | CH; CO OH Lysine -CH2CH3CH5 CH2NH5 
Glutamic acid -CH;CH;2COOH Histidine = -CH2(C3H3N5) 


For example, the cysteine thiolate group can add as shown below (step 1). The resulting carbanion, 
which is resonance-stabilized by the cyano and ester carbonyl groups, adds to another moleaule of 
cyanoacrylate (step 2), and this latter process continues with formation of the polymer. 


FN ON VA "s CN N af 
4 o 
cys” œs- — — cys “s—c—c:= ~c=C — etc. 
H CO2CH3 H CO2CH3 H CO2CH3 © 


26.6 The monomer needed to make the given polyester can either be the hydroxy ester 
HO(CH2) COOCH; or the eight-membered ring lactone shown below. With the addition of water, the 
lactone will be converted to the hydroxy acid (steps 1 and 2). The alcohol group adds to another 
molecule of the lactone to form the next ester group (steps 3 and 4), and this process continues. 


A 
H20 
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26.6 (continued) 


OH 
O 


UM SES UM eus 


267 The preparation of dimethyl carbonate from phosgene and methanol takes place by successive 
sets of addition-elimination steps. 


H< 
(o 


[e 
o7 y o 
~Il CH30H iN id I 
pod 2C. * HCI 
Ney (n cl cl © cl OCH3 
i 
o o *o^ o 
i CH30H WA "i |l 
ZS a EE m DGE => po * HCI 
Hico^ Wo G) H3CO^ “cl (4) H3CO OCH3 


26.8 Epichlorhydrin is a difunctional molecule that reacts with two equivalents of alcohol to form a 
bis(ether). The epoxide ring is first opened by a molecule of alcohol (step 1), and the resulting alkoxide 
ion displaces the chloride ion to regenerate the epoxide ring (step 2). An acid-base reaction yields the 
methoxy epoxide. A second ring opening process subsequently forms the bis(ether) product. 


Oy et, (iL 1 o i cr 
an AX fe — lr, Lr  00#s 
a 


When epichlorhydrin reacts with 1,3-dihydroxypropane, the polymer that is formed has two ether 
groups in addition to the secondary alcohol group. 


OH 
Ga, ne] * Hoon ——- fo Ao AY 
n 


26.9. In the reaction between 1,2-diaminoethane and the aromatic bis(isocyanate), one amino group of 
the diamine (represented below as RNH,) adds to the carbonyl portion of one isocyanate group. 
Regeneration of the carbonyl group accompanies proton transfer to form one urea group (step 2). 


Co v 


dh! 
2 ( AR 
| Eg ae +N oe O NHCH2CH 2NH 
E 2CH2NH2 
ocn~ A G) ocu u "n (2) ocn 
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269. (continued) 


In the subsequent polymerization process, these same two reactions (addition and proton transfer) 
between the amino and isocyanate groups are repeated over and over. 


H 


;P FY 
N—c. d i p. 
O NHCH2CH2NH 2 ". Q 
OCN NCO 


N H p ox Y 
N 
Jof NHCH CHAN nel 
OCN JAH 


o H NCO 


H 7 
N 


(0) 
y H 
=Q ÈN G 
Jof NHCH3CH;NH OC 

© Nga 

N—C N. 
N / iS) —- etc. 
NHCH5CH35NH ^. 

OCN 


N° ~NHCH2CH2NH2 


26.10. To prepare a polymer-supported reagent that can be used to convert carbonyl groups to epoxide 
rings, the thiophenol polymer is first methylated to form the dimethylsulfonium substituent. 
Butyllithium is then added to generate the sulfur ylide, which is attached to the polymer backbone. 


— CH3l (xs) — T 
E )- " E E js A 
pudet. NT ^ \ 


CH3 
CH3 f CH3 
m +/ BuLi EN tf > 
eps s r —_» (cps) s. + C4Hqo + Lil 
CH3 THF 7:CHa 


To prepare an epoxide from a ketone, the polymer is simply treated with the carbonyl compound. 


The polymer can be recovered simply by filtration, and upon treatment with methyl iodide and 
butyllithium, the ylide reagent can be regenerated. 


fs o 
* 
z :CH2 
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26.11. The hydrolysis reaction of the illustrated imine yields the primary amine and benzaldehyde. 


H H 


I 
5. ""— D H30*,A Cay "TN 
N ————— + OHN 


The aminomethylpolystryrene reagent can act as a scavenger toward the aldehyde byproduct by 
formation of its imine derivative with the insoluble polymer. Filtration separates the polymer from 
the desired amine product. 


Vas 
C ` 
" : os <> 

O HN insoluble G9 Ly 


26.12. To draw the structure of a random copolymer, link the given monomers together in any order you 
choose. The substituent side chains or functional groups are normally separated by an odd number of 
carbon atoms. 


a. Viton: hexafluoropropene and 1,2-difluoroethylene 


F F E F F F F F F F F F F F F F 
/ \ I. Los Uo EOM ed 
Pt eee tee 
| 
F3C F H H H H CRF CRF H H H H CRF 
b. Nitrile rubber: 1,3-butadiene and acrylonitrile 
pn CN CN CN 
dL ES, pw 
Ww llic" i SS ye. 
H 
c. SBR: styrene and 1,3-butadiene 
j^ Ph Ph Ph Ph Ph 
\ / * = >. 
\ y H2C e. -——————— A 


H 


26.13. When a polymer is formed using an acid catalyst, a carbocation is formed at each stage. This 
carbocation must be highly stabilized in order for the process to succeed. 


a. When styrene undergoes the acid-catalyzed polymerization reaction, protonation of the double 
bond creates a benzylic cation (step 1), and another molecule of styrene intercepts this carbocation to 
form a second benzylic cation (step 2) 


H "d pn ™ - 4 EP. RU Ph, Ph 
/ 
pan O Hes cad —O H4C—C-CH;—c' + 
1 2 N 
H H H Hg 68 H H 
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26.13. (continued) 


Reaction of the carbocation with an additional moleaule of styrene continues over and over, each 
step producing another carbocation. 


J^ HÀ Ph 
MR y 
Ph A Ph fe Ph Ph Ph 
H H 


Ph Ph | Ph C=C Ph Ph Ph Ph 
\ | / 
H4C—C-CH;-C—CH,-C—CH;-C + ——» etc. 


/ | \ / | | N 
H H H (9 H H H H 


b. When methyl vinyl ether undergoes acid-catalyzed polymerization, protonation of the double 
bond creates a cation that is stabilized by the neighboring oxygen atom (step 1), and another 
molecule of the alkene intercepts this carbocation to form a second such cation (step 2). Reaction of 
the carbocation with additional molecules of the alkene continues over and over, each step 
producing another stabilized carbocation. 


X at 7 Ht / 

c=c H3C—C + H3C—C—CH)—C + 
F à Q \ @) 
H H H H H 

z H'N OCH, 
^ \ 
H3CO " OCH3 joie H3CO OCH3 OCH3 
H 


\ 
H3C — C— CH5-C —CH5-C + 
/ | SUM 
H H 


| | 
HaC—C—CH2-C—CH2-C— CH;-C 4. — —» etc. 
(4) Z | | N 
H H H H H H H 


H3CO ooh | OCH; c=c H3CO OCH;  OCH; pens 


26.14. The free-radical polymerization of tetrafluoroethylene to form Teflon begins with the addition 
of an initiating radical to the alkene double bond (step 1). The resulting carbon-centered radical is then 
intercepted by another molecule of tetrafluoroethylene (step 2). 


4 EN F F r S FN F E F F 
a % Ey A ^ MALE, aw Ll | af 
Init * bir — — 7 X rs —- ud E ER NR 
pg Ww © F F F *t o F | | F 
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26.14. (continued) 


This addition process continues until the chain is terminated by the combination of two radicals. 


ro F £ EA F F F 

x ER li Jm d NUN y N / 

Init—c—c-—c-—c*. C—C  ——»  Init—C—CF5—CF5—CF5—CF?—C* 

Z2 NN. /^wN © / \ 

F FF F F F F 

F, F ë EA F F, F 
C-CF;-CF;-CF;—CF;—C d * Pi ——> nt—cC-(CF2)-CF ds — et 
Init ~C -CF?-7CF5" CF; 7 CF?7 6 = Init —~C (CF 2)5~CF2—C * etc. 

/ Tua. @ / \ 

F F F E M F F 


26.15. Sodium hydroxide reacts with f-propiolactone by adding to the carbonyl group (step 1). 
Regeneration of the carbonyl group creates the 3-hydroxpropanoate ion (step 2), which can add to 
another molecule of the lactone (step 3). The carbonyl group is regenerated with formation of another 
alcohol group and carboxylate ion (step 4), which can react again and again. 


[e] 
Lo ^" ‘eg 7 Co 
ee ge ee Ch 
© © © 'on = © 


Oo 


CP CH,CH,COO- 
E 


/ [o] [e] (0) [9] [o] 
=O many 
EN: rg —Ó € p: o^ oo o^ pns 


The IR spectrum of this polymer will be dominated by the bands expected for the ester functional group. 
The proton NMR spectrum will have two signals for the protons of the different methylene groups. 
(NMR spectra of polymer samples often are broadened because the molecules cannot tumble freely in 
solution, so the given result assumes that good quality spectra can be obtained.) 


Z 78 8 -44,2H, triplet 


Ode [e 
M 1^ T vC-0 ~ 1735 an"! M ] 
i Ne No o^ Ne | 
y x /N 
H H V " H H n 
vC-O- 1200 cm"! Ne 6 ~ 2.2, 2H, triplet 


26.16. Bisphenol A can be prepared from phenol and acetone in the presence of strong acid. The 
transformation starts with the activation of the carbonyl group by protonation. The phenol ring 
intercepts this cation (step 2), and rearomatization yields the benzylic alcohol (step 3). These two 
steps amount to a Friedel-Crafts alkylation reaction. Protonation of the benzylic alcohol group of this 
initial product (step 4) is followed by dissociation of a molecule of water (step 5). The resulting 
carbocation is intercepted by another molecule of phenol (step 6), and rearomatization yields the 
product (step 7). This second stage is also an example of the Friedel-Crafts alkylation reaction. 
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26.16. (continued) 


N 
OH OH HC. | ; 
l^ A HjSO, 992 pe HSO, 

po H3C OH 
H3C CH3 Q H3C^ + ~CH3 ©) HA> (3) 

Ni 7 
QT T E 
ge >, + 

OH ‘Ne OH> 
H3C — | H SO, Hye Ei - HO HC + 7— 

| oH —— c aa ——» c— OH 

/ © 7 (s) 7 NM 
HC H4C 5 H3C 

OH 
wt ue OH H3C N 
HC eK Pi Me. (= HSO4- V S 
6 
H3C (s) lar G) HO Aon 
EA 
bi * H5S0, 


26.17. The transesterification reaction between diphenyl carbonate and bisphenol A to make Lexan 
starts with addition of one of the OH groups of bisphenol A (abbreviated below as ArOH) to the 
carbonyl group of diphenyl carbonate (step 1). The tetrahedral intermediate collapses and displaces a 
molecule of phenol (step 2). These two steps are repeated with a second molecule of bisphenol A 
(ArOH in steps 3and4). Continuation of these addition-elimination steps creates Lexan. 


Ar 
- | 
N o- *4^ 
C ArOH —H 
: f prr —— | | + PhOH 
Zon CX » — 
Pho^ Woph/ (1) PhO~ ~OPh (2) Pho o OH 


26.18. The self-condensation reaction between three molecules of urea to form melamine occurs with the 
removal of three molecules of water by a series of addition-elimination reactions. 


NH3 


N 


\ 
T NM) —— " | 
D xau DM 
joe NCL. "E 
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26.20. (continued) 


A series of possible steps in this overall transformation are shown in the following scheme, although 
other sequences are also feasible. 


[e] [o] o HN NH2 o HN NH2 
la 1 10° i Y 4 \/ 
— md — pre se... oo ee 
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Cc $C 
HON SN Sn "NH; 


ø — - CN toH 
H 
on ws y \ Nė NH HN | N, NH, 
C | —— HaN—|^ d Ss 
© HN, ZN 


G) 

10 

z Qm ZN 
HjN. JN. ,NH 

bd 


NH2 


When melamine is treated with formaldehyde, the amino groups add to the carbonyl double bond (step 
1), and a proton transfer step generates the hydroxymethyl derivatives. 


^ p t 
HN UN NH) \ «o a H N7N 
| I hu se Lie’ wr hd x. 
Naan \WACH HN "N^ ^N `- © HoN~ ONI ^N OH 
yY ie & H 
NH2 H w^ 
NH> HN ~ “OH 
N* N repeat twice N ^w 
| -. aa 
Hann y on Hoy nyo 
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2620. (continued) 


Once the tris(hydroxymethyl)melamine has been formed, an acid catalyst reacts with the OH groups 
to form molecules of water, and the amino groups from neighboring molecules add to these methylene 
imine groups to form the crosslinks. There are several ways for the individual steps to occur; the 
scheme shown below is one possibility. 


HN~ oH HN~ oH HN oH 
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26.19. Qiana has amide groups that are made by the condensation polymerization reactions between a 
diacid and a diamine. 


As gal BF GO i 
HOOC Hol iia 


Octanedioic acid Bis(4-aminocyclohexyl)methane 


2 


Hydrogen bonds can readily form between the amide NH and carbonyl groups of neighboring polymer 
chains. 
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2620. The urea/formaldehyde polymer shown in this exercise can be formed by addition of a urea 
amino group to the carbonyl group of formaldehyde (step 1), which forms N-hyroxymethylurea after 
transfer of a proton (step 2). Under the influence of an acid catalyst (step 3), a C-N double bond is 
formed (step 4), and the amino group of another molecule of N-hyroxymethylurea adds to this C=N 
bond with help from proton activation (step 5). These addition steps can occur over and over to form the 


polymer. 
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2621. The structure of poly(vinyl alcohol) reflects the structure of the monomer from which its name 
derives. 


H OH OH OH OH OH 
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2621. (continued) 


This polymer cannot be made by polymerization of vinyl alcohol because the latter is unstable, existing 
as its more stable tautomer, acetaldehyde. 


H OH H [9] 
=! e. Ae 
/ \ \ 

H H H H 


If vinyl acetate is made to polymerize, then poly(vinyl acetate) can be formed. Hydrolysis of the ester 
groups yields the alcohol groups of poly(vinyl alcohol). 


oO 
IH 
Cc 
H OAc 0^ `ch; oH 
i — Fi polymerization dur. hydrolysis A + n CHCOOH 
/ N n n 
H H 
The mechanism of the polymerization process follows the same steps shown in the solution to Exercise 
26.14. 
4 H OAc H OAc "d H "A OAc 
" Ji We. . / 
Init * =C — Init-——C- —C* =C — 
/ *«N. O x X (Ww (2 
H H H H -— 
H OAc H OAc "à H OAc H OAc H OAc H OAc 
| M / IL 4 1d Jd j 
lt-—C—C —G- —G* =Ç — eE Q—G— —G-—C* — M otc: 
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2622. Natural rubber has the structure shown in the following scheme. Because it has double bonds, we 
would expect allylic radicals to form readily because they will be stabilized by resonance 
delocalization of the unpaired electron. 


AWA WADA) - 
Natural rubber -" t 
ma )N)A : 


2623. The nucleophilic aromatic substitution reactions used to make polycarbonates rely on the 
presence of halogen atoms that are ortho or para to potent electron-withdrawing groups. In this 
transformation, the carbonyl group is apparently sufficient to activate the fluoride ion for 
displacement reactions. In each case, the nucleophilic addition-elimination mechanism operates. Once 
two ketone molecules have been linked by the carbonate group, additional substitution reactions occur to 
replace the fluorine atoms and form the polymer. 
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26.23. (continued) 


OXE 


26.24. Polymerization reactions of 1,3-dienes occur by coupling between the termini of the x system, 
which leaves a double bond at the site of the original singlebond. For Neoprene, this double bond has 
the (Z)-configuration, which is thermodynamically more stable. 


CI 


n 
2-Chloro-1,3-butadiene Neoprene 


2625. Crosslinked polystyrene has the general structure shown below (in black), with 1,4-phenylene 
groups bridged between neighboring chains of polystyrene. Sulfonation of crosslinked polystyrene 
randomly places -SO;H groups (shown in color) on some of the rings. 


- Gp (ees 
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2625. (continued) 


Any reaction that requires the use of a strong acid for catalysis should be catalyzed by this acidic 
polymer. Some examples include the following: 


[6] SRL OH o N 
Acetal formation Q — a CT Ko) 
GH )-sow 


Esterific ation NAN COOH a: L^ " C00CH;CH;CHs 


OH 
Aldol reaction WS HO » CHO 


OH 


E1 dehydration CO — CO) 


26.26. Wilkinson’s catalyst has the formula RhCI(Ph;P),. One or more of the phosphine groups in this 
catalyst could be provided by the polymeric phosphine ligand, and structures such as the ones shown 
below are possible. If the polymer is flexible enough, then two phosphine groups could bind to the 
metal ion. 

ph Ph PPh pu PIG PPh 


S AMEN: NA as 
A a C. P——Rh-—-GI 


eO 
Ph 


2627. A crosslinked copolymer between styrene, diviny benzene, and 4-vinylpyridine would have the 
following general structure. 
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2627. (continued) 
A variety of chromium(VI) oxide-based reagents can be attached to or associated with such a polymer, 


as shown in the following equations. Recall that chromium oxide-pyridine and PCC are two oxidizing 
agents that find commonuse in synthesis (Section 11 4c). 


" = Cr03 fy, SA 
(cps) No —-I———- ( us) j-en (Pyr) 
— <> pyridine a / " 


— N p CrO3, HCI m 
P i ES 3 Á » + _ 
CD) \ N ens (eps) N NP CrOsCI 


The use of these reagents for oxidation reactions that convert a primary alcohol to an aldehyde are 
shownin the following equations: 


Cops) Ly ~CrO3(Pyr) 
OH SS — ——— —À = 


LO” GOOG a SS AS 
CH2Clo CHO 
" Ces)-( ,NH* croscr 
POLS oS 
CH2Cl> CHO 


26.28. The Swern oxidation makes use of dimethylsulfoxide and oxalyl chloride to oxidize alcohols to 
carbonyl compounds (Section 11.4b). Sulfoxide polymers can be made as shown in the following scheme. 
A thioether is prepared, and then NaIO, oxidizes the sulfide to the sulfoxide group. 


~~ fF CH3l Y NalO4 — Pp 
(cps) J so o_— Cops) S-CH3 — cps} s. 
P NEts LY CH3 
4 NaSCH3 ~ NalO4 — i "s 
E Jci — D jom sch ——— G»- y CH2-S. 
a DMF — x 
o 


The Swer oxidation of aldehydes and ketones is then performed in the normal fashion with these 


reagents. 
1. ax)-( )-cto-socn; 
OH — Mw — OL 


CICOCOCI, CH2Cl2, -60°C 
2. Et3N 


OH e [9] 
————— 


CICOCOCI, CH;Cl;, -60°C 
2. EtN 


POOLE OS fog CHO 


Solutions to Exercises for CHAPTER 2 T 


AMINO ACIDS, PEPTIDES, AND PROTEINS 


27.1. The amino acids that have two chiral centers are isoleucine and threonine. Their structures (L- 
isomer), along with their IUPAC names, are shown below: 


H H 
ai "uc HaC = "s 
n ~(R) T ~(R) 
 — E (S) ———. | 
2 CH Zein H 
HN H3N 
COOH COOH 
L-Isoleucine L-Threonine 
(2S,3R)-2-amino-3-methylpentanoic acid (2S,3R)-2-amino-3-hydroxybutanoic acid 


27.2. The structure of an amino acid at a particular pH value reflects the predominant form of each 
ionizable group. Use the procedure outlined in the solution to Example 27.1 to calculate whether each 
group (—COOH, —NH», —side chain) exists in its protonated (or deprotonated) form to the extent of 
25096. If the percentage is greater than half, render the group in that predominate form. 


H 
N OH 
B 2 Coo AE 
H2C N HÇ Hot 
+ Cin H £ Cin H + Cin H 
NI HN^ HN N 
coo coo coo 
L-Histidine L-Aspartic acid L-Tyrosine 


a. Histidine. At pH 7, the zwitterion form (-NHs and -COO? predominates and the imidazole group 
is not protonated (at pH 6 the imidazole ring is protonated to the extent of 5096). 


c. Aspartic acid. At pH 5, the zwitterion form (-NHs and -COO?) predominates and the side chain 
carboxylic acid group is in its conjugate base form (deprotonated). 


c. Tyrosine. At pH 8, the zwitterion form (-NHs and -COO?) predominates and the phenolic OH 
group remains protonated. 


27.3. The electron pair on the nitrogen atom H 
of tryptophan is part of the ten zx electrons N L-Tryptophan 
that make the indole ring aromatic. This | NC 


electron pair, therefore, is not available to HC This pair of electrons is 
| part of the aromatic x 


engage in hydrogen bonding as an acceptor, & Chey system of the indole ring. 
because doing so would disrupt the Hal 


aromaticity of the heterocycle. 
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27.4. The classification of amino acids by type reflects the natures of the side chain groups that are 
present. An OH group makes a side chain polar, and an amino group is basic. An aldehyde group is 
only slightly polar and because most of allysine's side chain is hydrocarbon in nature, allysine is likely 
nonpolar. The zwitterion form of each amino acid is shown below; 5-hydroxylysine will exist with its 
side-chain amino group protonated at most pH values. 


Hot 
- CH2 CH 
f en Hi^ K ?-NHo | deii 
H2C. C H OH 
N tC, $i, $0: 
NC \ H H,N~ VH H3N~ VH 
H? coo COO- COO- 
L-4-Hydroxyproline L-5-Hydroxlysine L-Allysine 
Cyclic Basic Nonpolar 
Polar Polar 


27.5. The aldehyde needed to make an amino acid by the Strecker synthesis is determined by 
considering first what nitrile will be formed. The carbon atom alpha to the cyano group is the aldehyde 
carbon atom in the retrosynthesis. 


a. The aldehyde needed to make valine is a stable molecule and should present no problem in the 
Strecker reaction. 


HaC. — ^CHs HaC. — ^CHs HaC. — ^CHs 
cH CH CH 
+ Grn, — p => CHO 
HaN^ X HN Y 
Coo CN 
L-Valine 


b. The aldehyde needed to make serine may be difficult to work with because it is probably water 
soluble. It may also undergo self-condensation because both carbonyl and alcohol groups are 
present. The alcohol group could be protected as its benzyl ether, which would make the molecule 
more hydrophobic as well as eliminating the presence of the reactive OH group. If the benzyl ether 
were used, the benzyl group would be removed at the end of the synthesis by means of 


hydrogenolysis. 
OH OH OH [0] 
"e^ "e^ "e "e ^e ) 
Cn, =? Om, =? CHO => œo 
HN^ VH HN VH 
coo 
L-Serine 


c. The aldehyde needed to make tyrosine is a stable molecule and should present no problem in the 
Strecker reaction. If the phenol group presented a problem because of its relative acidity, it could be 
protected as its acetate ester derivative. 


| = | = 
+r FO CHO 
HN N HN” \ H 
COO- CN 


L-Tyrosine 
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27.6. Each of the amino acids shown in this exercise can be made from the corresponding a-bromo 
carboxylic acid by its reaction with azide ion followed by hydrogenation. 


General R R R 
scheme: | NaNg3 | H2 | 
Cm H ———— Ci H ———— Cu H 
Br^ DMF Nj Pac — HoNT 
COOH COOH COOH 
OCH; OCH; 
H H 
CH34CH5, - CH CH3CH5, : CH KI KI 
gw 67 3 3wri2 "eU 3 H.C HC 
i ot dows ae 
um m hu um 
HN Sa B^ NH HoN^ V 'H Be \ H 
COOH COOH COOH COOH 
Isoleucine p-Methoxyphenylalanine 


27.7. tert-Butyl and benzyl esters are most often prepared by the reaction of the corresponding acid 
chloride with tert-butyl and benzyl alcohol, respectively. This route avoids the use of a strong acid that 
can generate a carbocation intermediate from the alcohol. 


1. SOCI, A á 
Msg —————* "C(CHj); 
2. t-BuOH 


1. SOCI, A " 
QU i cr " CH5Cc Hs 


2. CgHgCH;OH 
eise Io O 


27.8. A tert-butyl ester is deprotected (converted to the corresponding carboxylic acid) by its reaction 
with a strong acid such as trifluoroacetic acid. Protonation of the ester carbonyl group (step 1) yields a 
cation that dissociates to form the carboxylic acid and the tert-butyl carbocation (step 2). The tert-butyl 
carbocation is deprotonated to form isobutylene, which also regenerates the acid catalyst. 


CH3 
R fe) CH CF4COOH R (0) | 
icd or ee aoa OH, 
| | ~CH3 © [ | 
OH CH; OH CH3 
HaC 
C—CH, + CF4COOH 
H3C 


27.9. Converting a chiral glycine enolate ion to an amino acid requires the use of a reactive alkyl halide 
(methyl, allyl, benzyl, or a-bromo carbonyl). The stereochemistry is set by using the heterocycle shown 
in the text. 


a. This phenylalanine derivative is made by alkylating the enolate derivative of the heterocycle with p- 
bromobenzyl bromide. The heterocycle is cleaved using lithium in liquid ammonia to form the Boc- 
protected amino acid; the Boc group is removed using trifluoroacetic acid. 
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27.9. (continued) 


Ph Ph Ph Ph 
1. LDA, THF, -78°C nH 1. LiNHa(), EtOH H2N, „COOH 
Boc—N o  — — — — B-N o ——————- £F. 
2. BrC6sH4CH2Br \ 2. CF3COOH H CH,C.H,Br 
re) BrCgH,CH> fe) 


b. This o-methyl phenylalanine derivative is made by alkylating the enolate derivative of the 
heterocycle with benzyl bromide in the first stage, followed by alkylation with methyl iodide in the 
second. The heterocycle is cleaved with lithium in liquid ammonia to form the Boc-protected amino 
acid; the Boc group is removed using trifluoroacetic acid. If the opposite stereochemistry were 
desired, the order of the two alkylation steps would be reversed. 


Ph Ph 4. LDA, THF, -78°C Ph Ph 
2. CgHsCH2Br )- 1. LUNHS(I, EtOH  H2N, „COOH 
Boc—-N 0 ——— — — — Bo- o —————- LÀ 
3. LDA, THF, -78°C - 2. CF,COOH cuc CH; 
O. Se CeHsCH cH, O 


c. This a-methyl aspartic acid derivative is made by alkylating the enolate derivative of the heterocycle 
with methyl iodide in the first stage, followed by ethyl bromoacetate in the second. The heterocycle 
is cleaved with lithium in liquid ammonia to form the Boc-protected amino acid as its ethyl ester; 
both protecting groups (Boc and ethyl ester) are removed with aqueous acid. 


Ph Ph 4. LDA, THF, -78°C Ph Ph 
2. CH4 X 1. L/NHs(), EtOH HN, „COOH 
Boc—N oOo  ——— — — — —-  Boc—N o —————- È 
3. LDA, THF, -78°C - 2. H3O*, A HC CH,COOH 
O 4. BrCH;COOEt Hi^: o 
CH;COOEt 


27.10. The course of these enantioselective hydrogenation reactions is predicted by comparing the 
substrate structures with those of the examples given in the text. 


a COOCH; mh(EtbuPHOS")(COD)(OTf) JPOOCHs 
—— Hee Gs 
Ho, CH3OH 
OAc 2 3 OAc 
b. 
COOCH; [Rh(PrDUPHOS*)(COD)|(OTF) fOOCHs 
Hp, CH3OH 
Ph NHBoc ees NHBoc 


27.11. The synthesis of Phe-Ser-Ala is carried out according to the iterative procedure described in the 
text. First, the starting dipeptide is deprotected by treating it with trifluoroacetic acid. Phenylalanine 
(protected as its Boc derivative) is then coupled to the dipeptide using DCC. The resulting tripeptide is 
subsequently deprotected: LiOH and methanol converts the ester to its carboxylate derivative, 
trifluoroacetic acid removes the Boc group and protonates the carboxylate ion to form the carboxylic acid, 
and hydrogenolysis removes the benzyl group from the alcohol group of serine. 


27.11. (continued) 


OCH, 
y "c^ 

t H Il 
H CH;OCH;h O 


Ser-Ala (protected) 


PhCH; H O HC H 
M H NA S 

x N 
BocNH/ ^C/ ^c N 


O H CH;OCH;Ph O 


Phe-Ser-Ala (protected) 


CHAPTER 27 / AMINO ACIDS, PEPTIDES, AND PROTEINS 469 


BocNH, ,COOH 
O H3C H c 
CF4COOH I N ( cen 
3 Ba. ur Pi, HN H 2 
2 H DCC 
H CH,OCH;Ph O 
PhCH O H3C 
1. LiOH, CH4OH du w e ta 
OCH. ————————- C N C [e OH 
2. CF,COOH HN "c^ "c^ ^W "e^ 
3. Hp, Pd/C I /* Il 
O K CHOH  O 
Phe-Ser-Ala 


27.12. The overall rearrangement process in the last step of the Edman degradation involves having a 
nitrogen atom nucleophile replace the sulfur atom attached to the carbonyl group. This requires an 
addition—elimination mechanism. The carbonyl group is activated by protonation (step 1), and water 
intercepts the resulting carbocation (step 2). A proton is transferred to the sulfur atom as the C-S bond is 
broken to form a second carbocation (step 3). This carbocation is then intercepted by the exocydic 
nitrogen atom (step 4). Another proton transfer step generates a good leaving group (step 5), and the 
carbonyl group is regenerated by the loss of a molecule of water (step 6). Finally, a tautomerism process 


forms the thiocarbonyl group. 

* T ta 
nO H,0* NS H;O NC „OH 
i Lf ee 

— ~ ~ O—H 

PhNH~ © PhNH~ © PhNH~ $ / + 
H 
RH R H R H 
C c C OH 
"Y SEM " NC A 1 ‘a Ne 
+ -——- ——- 
~A © . ~sH \ © Z~ OH 
PhNH M Ph. H "S^ A 
H H Ph 

is H R H R H 
n- „H n- 2 HO n-Å 
d od © i “Son © T n 

~ ~ 2 ~ 

Hs^ CS. "T dil Hs A 
Ph 
H Ph Ph 
H R H 
H30* b WS S 
NT HNN 
[e] zzo 
H20 " 
d peo auf © pd 
H—S \ S V 
Ph Ph 
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27.13. In the Edman degradation, the structure of each amino acid that is sequentially cleaved is 
identified by looking at the R group of the heterocycle produced during each round. The R group is the 
same as the side chain of the amino acid that was cleaved. The assignments are made as shown below: 


(CH3)2CH CH3 HOCH; PhCH»5 
H XH V.H Wu 
HNS HN-% HNS HN79, 
nz e n= | (-o T3 = | 0-0 = I „=O 
ON eN gs ^N gs ^N 
Ph Ph Ph Ph 
CH3);CH CH HOCH PhCH 
(Cs \ uH aH \ aH \ aH 
C" Cc" C" M 
HjN^ \ HNI HjN^ \ HN^ 
COOH COOH COOH COOH 
Valine Alanine Serine Phenylalanine 


27.14. In the antiparallel D-sheet, two strands of protein chains (A and B) run in opposite directions (the 
N-terminus — C-terminus orientation is indicated by the large arrows in the following structure). This 
orientation aligns the carbonyl and NH group that form the hydrogen bonds, which are indicated by the 
dashed lines in color. 


Qui I—z 
a 
pu 
Qni" I—z 


Z— Leno 
T 
E 

Z— Leno 


27.15. Learning the amino acid structures in this fashion allows one to recognize the variety of functional 
groups that are present for a given substructure. The functional groups (or hydrocarbon groups) in this 
set of amino acids are separated from the alpha carbon atom by a single methylene group. Notice that 
half of the genetically-coded amino acids have this general side chain structure (that is, —CH2X). 


X X 
j Histidine <) Alanine -H 
X— CH5—C— COOH N Leucine -CH(CH3); 
NH2 Serine -OH Tryptophan 
Cysteine -SH | 
Aspartic acid -COOH N 


Asparagine -CONH; 


Tyrosine Son 
Phenylalanine Ly 
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27.16. The functional groups (or hydrocarbon groups) in this set of amino acids are separated from the 
alpha carbon atom by two methylene groups 


X 
T Glutamic acid -COOH 
X— CH5—CH;— C— COOH Glutamine —CONH, 
Methionine —SCH3 


NH; 


27.17. The functional groups (or hydrocarbon groups) in this set of amino acids have a branched side 
chain. 


X 
i ' Threonine -OH 
CH3—CH— C — COOH Valine -CH3 
| Isoleucine -CH2CH3 
NH2 


a. O” 
HC 


pH 1 


pH 1 


L-Glutamic acid 
pH 1 


L-Tyrosine 
pH 7 


pH 7 


L-Glutamic acid 
pH 7 


coo 


L-Tyrosine 
pH 11 


L-Histidine 
pH 11 


Cin. H 
HN 
Coo 


L-Serine 
pH 11 


CH;COO- 
2d 
Cu H 
HoN~ 
coo- 


L-Glutamic acid 
pH 11 
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27.19. First, the peptide is drawn with the given sequence, and then the ionization state of each group is 
evaluated by the procedure outlined in Example 27.1. At pH 7, the carboxylic acid group exists in its 
deprotonated form, the amino group exists in its protonated form, and a side chain groups exists in the 
form related to the specific pKa value of its ionizable group, if present. 


a. Ala-Glu-Val: only glutamic acid has an ionizable side chain. The carboxy terminus group exists in 
its conjugate base form, and the amino terminus group is in its conjugate acid form. 


H3C o CH(CH3) 


O d CH,CH,COO- 


b. Phe-Tyr-Lys: tyrosine and lysine have ionizable side chains, but only lysine's amino group exists as 
anion. The carboxy terminus group exists in its conjugate base form, and the amino terminus group 
is in its conjugate acid form. 


* 
C X-on o CH2CH2CH2CH2NH3 
H \ H 


Il E 
` 


+ 2C N Cc [e] 
HN So No ie ^ coo- 


MEA 


o 
" ch )-0n 


c. Leu-His-Asn-Ser: only histidine has an ionizable side chain. The carboxy terminus group exists in 
its conjugate base form, and the amino terminus group is in its conjugate acid form. 


= pP 
O H;C H O HC H 
un E up uu 
3 
= NT "c ie "MNT “coo- 
S ox 4 Zi — 
H CH;CH(CHy; O  H CH;CONH; 


27.20. Nucleophilic aromatic substitution reactions occur by the addition-elimination mechanism. The 
amino group of isoleucine (in this example), adds to the benzene ring at the position to which the F atom 
is attached (step 1). Elimination of fluoride ion yields the derivatized amino acid (step 2). 


H 
S iion -CH3 H2 ae 
Nae 
ok ERES —_ o X. S 
| bris F | CH(CH3)CH;CHs 
A (©) o- 
H2 COOH 
— Ne LH O2N COOH 
ee Y C — iH * HF 
2 d | C 
= ^F CH(cHgcHcH, — (2) N^ N 


NO;- No, H  CH(CH3)CH;CHs 
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27.21. The amino group of the valine residue at the N-terminus of the polypeptide reacts with DNFB. 
Complete hydrolysis cleaves the amide groups of the polypeptide, liberating the individual amino acids. 
The original valine residue is obtained as its DNFB derivative; the other amino acids are obtained in their 
natural forms. 


H3N— Val — Asn— Phe — Glu——1lle —— Gly — Gly — Ala— COOH 


ON | 2,4-DNFB 


NO; 


HN— Val— Asn—Phe— Glu—— lle — Gly — Gly — Ala— COOH 


| H30*, A 


O2N COOH H9N——Asn—COOH H,N——lle—COOH 
eo" 
N^ N HəN—Phe— COOH Ha2N— Gly — COOH 
3/2 
H,N——Ile—COOH H,N—Ala—COOH 


27.22. When the pentapeptide Ile-Ala-Phe-Lys-Ser is treated with 2,4-DNFB, reactions occur between the 
reagent and any amino group that is present. The structure of the starting peptide, with its side chains, 
is shown below with the amino groups circled. 


H 
H4C- C— CH;CH5 CH;,CH;CH;C 
CH3 CH;Ph CH5OH 
1. 2,4-DNFB 
(Gn) —ie— nia — Phe— Lys — ser coon =. lh 
2. H30*, A 


The amino acid that was at the N-terminus is the only one that does not exist as a zwitterion after the 
hydrolysis step is carried out. Lysine reacts with DNFB at its side-chain amino group (notice that the 
lysine-DNFB derivative exists as a zwitterion), which will have different properties than the derivative 
with the DNFB group attached at the a-amino group. 


ON H H - H - H 
COOH coo coo coo 
p T bts NS 
P EN RE PAR + 
A N CH(CHs)CH2CH, HN XcH, HN ‘eheh  HaN ‘CHOH 
2 
Ile Ala Phe Ser 
NO; 
M coo- O;N 
5 Lys 
+ CS 


HN CH5CH;CH;CH; — NH 
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27.23. To predict the structures of the products in each of the following transformations, learn the details 
of each reaction type, which can be found in the reaction summary section of the chapter. In some of 
these transformations, reactions from previous chapters are also included. 


a. The amino group is acetylated when an amino acid is treated with acetic anhydride. The addition of 
aqueous acid in the second step protonates the carboxylic acid group, which is deprotonated by the 
hydroxide ion used in the first step. The starting material is racemic, so the product is also racemic. 


,CH(CH3)2 /CH(CHs)2 
HC 1. (CH3CO),0, OH- o HC 
Le aa d i racemic 
HoN~ NH 2. H30 Hac N^ H 
COOH H COOH 
racemic 


b. This transformation is an example of the Strecker synthesis. Use of an isotopically-labeled aldehyde 
allows one to prepare an isotopically-labeled amino acid. The creation of a new chiral center in the 
product means that a racemic mixture of amino acids will be obtained. 


H 


1. NH4CN / COOH 
CH3CH;CH;CH,— CHO  ————— ——À- . CH4CH;CH;CH;- "^C. racemic 
2. H30*, A NH; 
+ 


c. The use of the DuPHOS catalyst allows one to prepare enantiomerically pure amino acids. The 
second step with aqueous acid removes the Boc group and hydrolyzes the acetal group. 


4 COOCH; 1. Ho, cat" HO (S) COOH 
—————— n. 
+ 'H 
[e] NHBoc 2. H30*, A HO 
* NH3 


d. The alcohol group is converted to a sulfonate ester upon treatment with TsCl. DBU is a base that is 
used to promote E2 reactions and form alkenes. 


p COOH 
H2C 1. TsCl, pyridine / 
l š HC =C achiral 
g^ a 2. DBU NHCOOCH;Ph 
NHCOOCH;Ph 


e. The phenol group of a protected tyrosine derivative can be alkylated by treatment with base and an 
alkyl halide. The starting material is racemic, so the product is also racemic. 


OH OCH;CH; 
"a 1. NaH, DMF "e! 


l ————— racemic 


C= 2. CH3CH2Br C= 
BocNH^ NH BocNH^ N.H 
COOEt COOEt 
racemic 
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27.23. (continued) 


f. The use of the DuPHOS catalysts allows one to prepare enantiomerically pure amino acids. The 
second step is a Suzuki reaction that replaces the Br atom with the phenyl group. 


COOCH; (s) COOH 
š CH 
Br 1. Ho, cat cHs "| 
————— 
EN 2. Suzuki * NH; 


g- An amino acid reacts with phenyl isothiocyanate to form the corresponding thiohydantoin 
heterocycle. This is the same reaction that the Edman degradation exploits. The starting material is 
racemic, so the product is also racemic. 


(H3C)2HC 
IS ee 
C~ 2 ~ 
^ H Cs 
HoN~ N Ż75N 
" COOEt S is 
racemic 


h. Enantiopure amino acids can be made by alkylating glycine enolate ions that are chiral by virtue of 
their inclusion in a chiral heterocycle. 


Ph Ph Ph Ph 
1. LDA, THF, -78°C ant LUNH;(!) ^ HN, „COOH 
Boc—N O Boc—N [e] EtOH C (S) 
— 2. CH4OCH;CH;CI / *. 
> H  CH2CH;OCHs 
O CH4OCH;CH; 0 


27.24. Any of the methods described in Section 27.3 can be used to prepare the given amino acids 
because the groups that appear in their side chains are inert to most reagents. Shown below are routes 
that make use of the chiral glycine enolate described in the text; the starting heterocycle is made from 
bromoacetic acid. All of the starting compounds are shown in color. 


Ph — Ph 
Ph Ph 
HN — OH 
Br~ cooH —— —————*- Boc-N O0 
2. Boc;O 
o 


a. The heterocycle is deprotonated and then treated with p-bromobenzyl bromide; the amino acid is 
obtained after reductive cleavage with lithium in liquid ammonia. 


Ph Ph Ph Ph 
1. LDA, THF, -78°C Y< LINH) HN, ,cooH 
Boc-N © ———————> Boc-N 0 


B EtOH 4^ 
r 7, 
< 2: O~ + H {per 


Br 
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27.24. (continued) 


b. The heterocycle is deprotonated and then treated with the bromomethyloxetane; the amino acid is 
obtained after reductive cleavage with lithium in liquid ammonia. 


t. Ph Ph Ph 
1. LDA, THF, -78°C WH L/NH,) HN, „COOH 
Boc ^ — Bec-N 0 ———> al 


CUu 7^9 


27.25. The sequence of the dipeptide aspartame has aspartic acid at the N-terminus and phenylalanine at 
the C-terminus. The carboxy group of the phenylalanine residue is present as its methylester. At pH 7, 
the amino group is in its conjugate acid form, and the carboxy group in the side chain of aspartic acid is 
in its conjugate base form. There are no other acidic or basic groups in the molecule. 


O H;C H 
H N I E OCH 
3 3 
bu ay N~ Now 
c H Il 


H CH,coo- © 


Asp Phe 


27.26. To prepare the tripeptide Ala-Gly-Ile, one must first synthesize the protected forms of the amino 
acids. Isoleucine, which is at the C-terminus, is converted to its methyl ester; the other two amino acids 
are converted to their Boc derivatives. 


HoN. „COOH Boc;O BocNH, „COOH 
f —> "c^ Ala 
H CH H CH; 
Boc;O 
H9N—CH,-COOH | — — — —» . BocNH—CH,—COOH Gly 
HER, REN 1. CH,OH, HCI HUM... ii 
lk ———— e lle 
H  C(CHgCH;cH, 2. OH- H | C(CH3)CH;CHs 


In the first step of peptide synthesis, the protected forms of Gly and Ile are coupled using DCC. 
HN COOCH 1 : Il 
2 3 3 
[1] BecNH—CH;-cooH + = E & ON 


H C(CHj)CH;CHs | 1*. 
H C(CH3)CH;CHs 
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27.26. (continued) 


The amino group of this dipeptide is then deprotected in step 2 using trifluoroacetic acid. 


H H [e] H 
[2] V N I CF4COOH V H I 
rr 
BocNH~ ^g "€ Soch, HNI bd "€ "ocH, 
O  H C(CH3)CH;CHs O  H C(CH3)CH;CHs 


The protected alanine derivative is then coupled to the dipeptide (step 3), and that product is deprotected 
to form the desired tripeptide. 


[3] H H [e] O HH [e] 
BocNH, COOH ¥ N l BocNH A b N : 
oc jeje 
"c^ " HN bd "€ NOCH; DCC x ^N ^g bad NOCH; 
H CH; O  H C(CH3)CH;CHs H CH3 O H CH-CH2CH3 
H3C 
n 4 HH um 
I Ae H Il -— Il Ne = 
BocNH, LC. C. UN. 4C. . , CH3 HN. UC. UC. UN. COOH 
Z c ch: ———— e c e 
ML. l| 4% 2. CFCOOH 7: H | e 
H CH, O H CH-CH;CH; H CH; O H ÇH-CH2CH3 
H3C 
Ala-Gly-lle 


27.27. At pH 7, the amino groups at the €-position of the side chain of lysine exist in their protonated 
forms (below, left). These ammonium ions disrupt the hydrogen bonds that normally stabilize an a- 
helix. At pH 10, the amino groups are converted to their free-base forms (below, right), and hydrogen 
bonds form as the stable a-helical structure is formed. 


[e] [e] 
| ! 
ase 
te «T te EVA 
fe Hn ju wee 
p + z 
H CH2CH2CH2CH2NH3 H CH2CH2CH2CH2NH2 


27.28. y-Carboxyglutamic acid is like any compound that has two carboxylic acid groups attached to a 
single carbon atom—it is prone to undergo decarboxylation (Section 22.4c). During amino acid analysis 
of a protein, the hydrolysis of y-carboxyglutamic acid under the acidic conditions would be accompanied 


by decarboxylation. 
COOH 
H3C— CH H4C— CH; - COOH 
` H30* 
* og COOH + / 
HN—C,,, — — HN—G, * CO; 
š n ; 
Ccoo- coo- 


L-y-Carboxyglutamic acid L-Glutamic acid 
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27.29. In its protonated form, arginine has the following structure. 


H 
HjC—CH;-CH; ‘oy 
+ / N. 4 
H3N—C, N—C 
h, P CN 
H H N-H 
COO T 
L-Arginine 


For the guanidinium ion, three equivalent resonance forms can be drawn. This highly-stabilized group is 
almost always protonated in biochemical systems. 


H H H 
\+ Ñ N 
H N—H H * N—H H :N—H 
\ / N / Ne / 
:N—C => : N—C — >» NC 
/ / Ne / * 
H : N—H H N—H = 
/ 7 
H H H 


Guanidinium ion 


Solutions to Exercises for CHAPTER 2 8 


NUCLEIC ACIDS AND 
MOLECULAR RECOGNITION 


28.1. The names of these molecules can be interpreted by comparing their structures with the ones 
shown in Figures 28.1 and 28.2. 


a. Draw the adenine molecule, and then attach the SH 
group at position 8. 


b. Draw the adenosine molecule, and then attach a 
fluorine atom at C2. Remember that numerals 
without prime marks are used to designate the 
positions in the heterocycle; numerals with primes 
are used to specify the positions in the carbohydrate 
ring. 


NH2 
c. The “deoxy” prefix means that you remove the Nw 
oxygen atom(s) from the specified position(s). For U 
this exercise, draw the cytidine molecule without the HO p N [0] 
OH groups at C2' and C3' (in the carbohydrate o 
ring). 4! 1 
3 2 
NH; 
d. The "deoxy" prefix means that you remove the 


oxygen atom(s) from the specified position(s). Draw 
the adenosine molecule without the OH group at 
C2'. Attach a diphosphate group to the oxygen 
atom attached to C5'. 


e. Draw the uracil molecule, and then attach the 
trifluoromethyl group at position 5. 
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28.2. First draw a good Lewis structure for each heterocyde. Then decide if the unshared electron pairs 
are part of the x system or not: The unshared electron pair on a nitrogen atom that forms a double bond 
to a neighboring carbon atom will be perpendicular to the aromatic system, but if a nitrogen atom forms 
only single bonds to its neighbors, then its unshared electron pair will be in a p orbital that overlaps to 
form the z system. 


Purina Thic tincharad nair ic 

'stem. 

; is the only unshared [ 

"ut is part of the x system 
N m. z 
x "m ELT N^ 
A H 
N 

This unshared pair is EL. This unshared pair is 
perpendicular to the x system. perpendicular to the x system. 
Pyrimidine 


Cae 


à This unshared pair is 
This unshared pair is essit perpendicular to the x system. 
perpendicular to the x system. 


28.3. To draw the tautomeric forms for a given heterocycle, focus on each NH group and its adjacent 
carbonyl group. A tautomeric structure will have a double bond between the original carbonyl carbon 
atom and the adjacent N atom, and a hydroxyl group will take the place of the double-bonded O atom. 


Uric Acid (11 forms) 


fe] 
LL H c I H 
HN^ N HN N HN^ N, 
1 | co == || `o == | || ,c-08 == 
Bien N Zo. N Ze. N 
o% ^N N o^^N TN o^ ^N 
OH fe] [e] 
Lu H M H I H 
c C sc 
NZ N HN^ N, N N, 
i | cso == 1 | co == i | coo == 
o^ N^ ^N Ho N^ 7N Ho Ony ^N 
H H H H H 
[e] fe] OH 
Lu Lu H ! 
Zo -C N ze N 
HN 4 HN Y N Ny 
(| ‘c-on == o3 | ,c-0H == |o] ‘c-o === 
Ls % Cs N ZGx N 
HO HO^ ^N oN "N 
OH [e] 
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283 (continued) 


OH OH 
e E. 
N* Ww N* N 
| || `-o == | || 4,c-oH 
Ls / ^m d 
Ho^ "W^ N Ho^ "N^ N 
Uracil (5 forms) 
[e] OH [e] OH [e] 
: : i : i 
oes o^ ^N How uo" ^ HO~ ^N 


28.4. The synthesis of a pyrophosphate ester requires two steps. The molecule of alcohol first reacts at 
the middle phosphorus atom of the triphosphate group of ATP, creating a trigonal-bipyramidal, anionic 
intermediate. 


o f oP ONTT 
zo N zo 
R por ja Rro oR 
Oa NH; H d NH; 
H / N E N To I N > N 
O=P— « T O-P € |l 

dee. Nn Q \ O N^ w^ 

o- o 

OH OH OH OH 


The trigonal-bipyramidal intermediate then collapses to form the pyrophosphate derivative and the 
protonated form of AMP (step 2), which subsequently loses a proton in step 3 to form AMP. 


- m. © Oo 79 oO 
fe) \/ 
ILO ! zo 
RAs oR Rig a7 A, * 
72 d NH E NH F NH 
H o 2 " 2 2 
in d N HO O N Y N 
o-P. ey N v. ey N 2PSo € 
470 N^ w^ ^ 0 N^ N^ Q N^ w^ 
- N -H* 


OH OH OH OH OH OH 
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28.5. The structure of the given tetranucleotide is drawn so that the letter at the left end of the sequence 
(A) corresponds to the nucleoside at the 5' end of the molecule, which has a phosphate group attached. 


The letter T within the sequence tells you that 
this molecule is DNA, so each carbohydrate ring 
has an O atom attached at every carbon atom 


except C2. A phosphate group connects each 
nucleoside 3-OH group with the 5’-OH group 
of its neighbor. The 3’-OH group of the 
nucleoside at the right end of the sequence (C) 
has no phosphate group attached. 


28.6. The synthesis of dibenzo-18-crown-6 can be accomplished in stepwise fashion, but simply mixing 
the catechol dianion with the ditosylate derivative of bis(2-hydroxyethyl)ether will also produce the 
desired compound (in addition to oligomers). Using the dipotassium salt of catechol assists the synthesis 
of the crown ether product because of the template effect. 


TsCl, pyridine 
i > 


WO. get Suet WO ee 


CH2Cl2 
C^ He Elx..l 2 K* -O-t-Bu, 1,2-DME ot b 
OH 2. bed e N ATs 


28.7. The synthesis of the pyridino-crown ether proceeds in two stages. First, diol A is prepared by 
alkylating bis(2-hydroxyethyl) ether at each hydroxyl group with chloroethanol. 


HO. UAR greg mas Bo rn PSP hp LP Pli 
. 2 2 


A 


Then, 2,6-lutidine is brominated at its two benzylic positions using NBS in a free radical process. 
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28.7. (continued) 


Br», AIBN, A BrH2C. /N | CHBr 
= 

Su Su. 

Dibromo-2-6-lutidine reacts with the dianion of A under high dilution conditions and with the template 

effect of the potassium ion to form the pyridinocrown ether. 

[e] o 


1. K+ ~O-t-Bu, 1,2-DME = 
[e] O ae 


2. BrH;C.. „N, -CHBr ) 
[e] [e] 
EL 


The binding strength for a substrate/crown ether complex is maximized when three hydrogen bonds 
form between the ammonium salt and the crown ether. Thus, the binding constants for the alkylated 
ammonium salts are expected to decrease in the following order: 


H3C, H a HC, H E H3C, H - 
Hea  +/ CIO HC“, 4 ClO, HaC,  +/ CO. 
C—N t, > c— 2 > Cc—N p, 

/ XH / XH / \ CH3 
H3C H H3C CH3 H3C CH3 
can form three hydrogen bonds can form two hydrogen bonds can form one hydrogen bond 


28.8. The synthesis of cyclotriveratrylene occurs via three consecutive Friedel-Crafts alkylation reactions 
between an arene ring and a carbocation intermediate. The transformation begins with protonation of 
the benzylic alcohol (step 1), which forms a carbocation (step 2) that is subsequently trapped by a 
reaction with a second molecule of 3,4-dimethoxybenzyl alcohol (step 3). Regeneration of the aromatic 
ring occurs with concomitant formation of a protonated alcohol molecule (step 4). 


MeO Ps MeO MeO 
> H -H20 
—_—_ e B H ——— oan 
OH 
MeO © MeO z © MeO CH 


Dissociation of a molecule of water from this protonated alcohol yields a carbocation (step 5), which 
reacts with a third molecule of 3,4-dimethoxybenzyl alcohol (step 6). Regeneration of the aromatic ring 
(step 7), dissociation of a molecule of water (step 8), and intramolecular ring formation (step 9) are 
followed by regeneration of the aromatic ring (step 10) to create the product molecule. 
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28.8. (continued) 


MeO OMe MeO OMe 


28.9. The preparation of a urea derivative from the reaction between an amine and an isocyanate takes 
place in two stages. First, the nitrogen atom of the amine adds to the carbon-nitrogen double bond of the 
isocyanate to form a zwitterion intermediate (step 1). An acid—base reaction then takes place to yield the 
neutral product molecule (step 2). 


28.10. An alkylphosphate ion can form strong hydrogen bonds with urea. Hydrogen bonds and 
electrostatic attractions are important for the attractive interactions between an alkylphosphate ion and 
the guanidinium ion. 
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28.10. (continued) 


Kf / 
Qe HN Q^ H—N H 
ec d Y—o pv om 
o> \ / o7 N. / 
Oversees HN QR H—N H 
\ \ 
H H 
Hydrogen bonds Hydrogen bonds 
Electrostatic attraction 


28.11. Pyridine and pyrazine, respectively, form one and two hydrogen bonds to the convergent 
carboxylic acid groups of receptor 3. 


Pyrazine 
Pyridine 


ü Bi; SN " E 4 Heen T SN" H- Q 
ct os po 
OH o? 
ue KC > 

N 
X or Seer 
a aA 
Receptor 3 Receptor 3 


Purine forms three hydrogen bonds, and two orientations for these interactions are possible. 


Purine 4.) 
eon i 4 
ple "H— m 'H—0, 
am. Ly [e] 
` Heno” 4 
Jia —H CY Wo 
N CoN’ 
COO : 
A 
Receptor 3 


Purine should bind most strongly to the receptor because it forms the greatest number of hydrogen 
bonds. Pyridine will likely be bound most weakly because only one hydrogen bond can form. 


28.12. The hydrogen bond pattern between the given receptor molecule and thymine is apparent if you 
look at the groups that are involved in forming the hydrogen bonds: The receptor has two N-H groups 
that are hydrogen-bond donors as well as a nitrogen atom that can act as a hydrogen-bond acceptor. 
Thymine has one donor group (N-H) flanked by two acceptor groups (the carbonyl oxygen atoms). 


Hydrogen bond donor 
Hydrogen bond acceptor Hydrogen bond acceptor 
Hydrogen bond donor "e bond donor 
af Si Hydrogen bond acceptor 
| r5 
- N N N » O. 
(> Yr 
[9] [9] N 
A u^ A CH; 
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28.12. (continued) 


The binding of thymine by the receptor takes place by hydrogen bond formation as well as z-stacking 
interactions between the two aromatic systems. This stacking interaction is further strengthened by 
attractive forces between the electron deficient 1 system of thymine and the electron rich x network of 
dihydroxynaphthalene. 


fe} X eeeeeeee | ss Hydrogen bond | bond 
ix Ed. 
"d 


o 


The synthesis of the receptor can be accomplished by treating 2,6-diaminopyridine with y-butyrolactone. 
This transformation forms two carboxamide groups and leaves alcohol OH groups at the ends of the 
chains. These OH groups are converted to good leaving groups (tosylate esters), which are displaced by 
the nucleophilic dianion derived from 2,7-dihydroxynaphthalene. 


Ox - (CH240H 
HNN NH, 2È J HN NN (CHOH 4. TsCi, pyridine 
Í x — Í a dili id Qoae ur 
p ^ P o . Ox T 


28.13. The names of the given bases, nucleosides, and nucleotides are interpreted by comparing them to 
structures shown in Figures 28.1 and 28.2. The names of crown ethers are interpreted as described in 
Section 28.4a and of urea derivatives as in Section 28.6a. 


a. Draw the thymine molecule, and then attach a > $ 
bromine atom at position 6. e N^; CHs 
AS n 
02 N} Br 
H 


b. Urea is H2NCONH-». Any substitution of a proton 
attached to the nitrogen atoms is designated by the 
use of the prefixes N and N' (for the different VN. 
nitrogen atoms). In this molecule, both benzyl 
groups are attached to the same nitrogen atom. 


The "deoxy" prefix means that you remove the 
oxygen atom(s) from the specified position(s). Draw 
the cytidine molecule without the OH group at C2’. 
Attach a phosphate group to the oxygen atom 
attached to C5'. 
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28.13. (continued) 


d. 


Draw the adenosine molecule, and then attach a 
fluorine atom at position 8 (on the heterocycle). 
Attach a triphosphate group to the oxygen atom 
attached to C5'. 


The size of a crown ether ring is given by the first 
numeral (21 atoms), and the number of oxygen 
atoms (or other heteroatoms) is specified by the 
second numeral (7). 


Draw the inosine molecule, and then attach a 
methoxy group at position 2 (on the heterocycle). 


"(C 
7 
"LU a 


OH OH 


28.14. Use the names of the given bases, nucleosides, and nucleotides given in Tables 26.1 and 26.2 to 
generate the names of the molecules that correspond to the structures shown in this exercise. 


a. 


The parent compound is guanosine. The C2' position 
lacks the OH group, and a diphosphate group is 
attached at C5'. The name of this substance is 2- 
deoxyguanosine-5'-diphosphate. 


The parent compound is guanine. Position 8 has a 
trifluoromethyl group attached, so the name of this 
substance is 8-trifluoromethylguanine. 


The parent compound is urea. One of the nitrogen 
atoms has a phenyl group attached, so the molecule 
is phenylurea (or N-phenylurea). 


The parent compound is adenosine, but the OH 
groups have been replaced by SH groups. The 
name must reflect the absence of the OH groups 
(deoxy) as well as the presence of the SH groups 
(mercapto). The name of this substance is 2,3- 
dideoxy-2,3-dimercaptoadenosine. 
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28.15. (continued) o 


e. The parent compound is uridine. A phosphate 
group is attached at C5', and the configuration of C2' 
has been inverted. This latter change is denoted by 
use of the prefix epi, for epimer. The name of this 
substance is 2'-epiuridine-5'-phosphate. 


28.16. Follow the procedure outlined in the solution to Exercise 28.5 


a. This molecule is DNA because it contains T. c. This molecule is DNA because it contains T. 


[e] 
O SU a 
[o] o ^. - N* 
O^^N T d 9 A | c 
HoH O^^N 
H9; H 
H 
o H” : I i 
o=p—0 N NH O H Nha 
\ Nonn, 9 170 N? 
" 2 O-RC AL l| c 
‘ama o of ^N 
HOLH 
H H NH, ewe 
Toe y 
ps NH 
o-R-9 | "o oe " 2 
[e] Oo” N ES 
c A 050 N 
HoH O=R ¢ | j^ 
O N N 
HLO.H 
H ewe, 
OH p" 
b. This molecule is RNA because it contains U "n a o 
gaj Hy | ii 
o NH2 N T 
Oa » N 
P~ o- NAN O o 
/ € |l H LO. H 
O, N n2 A 
HL OH 
H H 
i} OH H 
Ho OH 
1,0 | NH 
o-R( Ao U 
o HO. H 
H 
H 
O o- OH r4 
-p^ NH 
d Ct i 
o N~ SO 
HUO_H 
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28.16. Inosine has one each of hydrogen bond acceptor and donor groups, and these can form 
complimentary structures with A, C, or U. Thus, look for the donor and acceptor group on each 
heterocycle, and form the hydrogen bonds as appropriate. 

O 


H H yy 
/ Orr" H—N 
N Q*" H—N N l/ N ores H—N 
A N i 
P? KSA € "ara y D ant 
x —H' N „N e. i P N—H*"*O s 
^ N—/ VN 23 5t N d s d —/ 


N= 


I A I c I U 


28.17. Pseudouridine forms hydrogen bonds with adenosine in the same way that uridine does. 
Attaching pseudouridine to the ribose ring through a carbon atom means that two lactam functional 
groups are present, so two different orientations are possible for a strand of RNA that bears a 


pseudouridine group. 


Pseudouridine H (RNA strand) H 

/ / 

H Q***** H—N O '**** H—N 

nt N NS 

(NCH wn N k AB nn Y yi 
Vw E NX IN [3 

[e] H fe) 
(RNA strand) A Pseudouridine A 


28.18. The structure of 5-bromouracil is similar to the structure of thymine except that a bromine atom is 
present in place of the methyl group found in T. The nitrogen atom attached to the anomeric carbon 
atom of the sugar ring requires that the adjacent oxygen-containing functional group exists in the 
carbonyl form. The NH and its neighboring carbonyl group (cirded, below) define the portion of the 
heterocycle that tautomerizes. The structures of the lactam and lactim form are as follows: 


[e] OH 

Br Br 
HN | ——— "S N^ | 
o7 ^N o7 ^N o^ ^w 
i i i 
LI LI LI 
lactam lactim 


Placing the two forms of 5-bromouracil in equivalent positions relative to the bases of A and G, you can see 
that the lactam tautomer forms a hydrogen bond with A in the same manner that T would do. The lactim 


tautomer, however, forms three hydrogen bonds with G. 


H 
Br Ott d N Br OH = © Ne 
/ A 3 ? bm H-N \ 3 
N—H = N \ N X x N, 
; —N N 
£ ` IN S / OQ. H-N i 
lactim H G 


lactam A 
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28.19. 7,9-Dimethylguanine exists as a zwitterion in its neutral form.  Protonation occurs at the 


negatively charged oxygen atom, and tautomerism generates the carbonyl group, which is the preferred 
structural form of the protonated material. 


H3C H3C H3C 

o M HO N+ oe N 

` 3 ` 
" d \ N me KA N N == HN N N 

S M M 
\= N CH3 \=N CH3 = N CH3 
H—N, H—N. H—N., 
H H H 
Zwitterion form Protonated form Tautomer of protonated form 


The hydrogen bonds that can form are shown below: 


N= = 
Tautomer of HaC.. / \ N — toi 
protonated form N \ N—H e N N Rs itterio 


N + O +" H—N 
CH, - 


28.20. The synthetic routes used to prepare crown ethers take advantage of procedures involving the Sn2 
reactions between nucleophilic oxyanions (alkoxide or phenoxide ions) and sulfonate ester derivatives of 
diols. The starting compounds are shown in color. 


a. Alkylation of bis(2-hydroxyethyl)ether is performed at each end using chloroethanol [or a protected 
form—see the scheme below part (c.) of this exercise]. The diol is converted to its ditosylate 
derivative, which is treated with the dianion of catechol. Sodium ion provides the needed template 
to ensure formation of the macrocycle in good yields. 


Retrosynthesis 


HO 


HO 


Synthesis 
HO [e] 
2 1. NaH, DMF HO )  TsCl, pyridine TSO ) 
_) 2 CICHCHOH Ho ) "o  ) 


HO Lo Lo 
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28.20. (continued) 


b. The diamino crown ether is made by reducing a bis(carboxamide) derivative with lithium aluminum 
hydride. The bis(carboxamide) is made from a bis(acid chloride) and a diamine. 


Retrosynthesis 
OV "3 
C 532 Se 


C 
ka 


c. The chiral diol is made by catalytic asymmetric dihydroxylation of trans-2-butene (Section 16.4d), 
then the remainder of the carbon skeleton is constructed as in part (a.) starting with bis(2- 
hydroxyethoxy)ethane. Coupling these two pieces under high dilution conditions makes use of the 
template effect of the potassium ion to form this chiral 18-crown-6 analog. 


rr» ee 


2. H,0* 


NaOH, H C 
UNUS 3. NaOH, H20 CHS 


A | 
D 1. LIAIH4, ether [e] 
(0) 

we 


Retrosynthesis 
(o^ (OTs HoN 
[9] 


4 Y, > ( $ pa => Hoo OL =; S 


O , [e] 
L Lo. J LL OTs Ho. 7 
Synthesis HON 
y Sharpless AD i a 1. NaH, DMF s 
(Section 16.4d) HO "^ | 2. CICH;CH;OH o^" 
HO 
(oH (OTs ( 9^ 
C TsCl o KO-t-Bu, DME (C y 
[e] pyridine [o] OH HQ [e] o^ "n 
LOH (Cots WA Le" P 


Chloroethanol is sometimes converted with base mostly to ethylene oxide. If this reaction were to occur 
while attempting the syntheses outlined in parts (a.) and (c.), then protection of the OH group can be 
accomplished by making the trimethylsilyl derivative. After its use as an alkylating agent, the 
trimethylsilyl groups are removed using fluoride ion. 
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28.20. (continued) 


(CHs)3SiCl 
OH Or 
av Cl” “~~ Si(CHs)s 
NEts, CHCl 
Me3SiO~ N HO“ 
ud 1. NaH, DMF Y F-, HO b 
———— o 
HOo^ "^ 2. 0N 7^ o "^ CH3CN o^ "^ 
OSMes Mesio /J Ho J 


28.21. The condensation reaction that takes place between guanidinium carbonate and dimethyl 
malonate occurs via two addition-elimination sequences in which the amino groups of the guanidinium 


ion react with the ester groups of dimethyl malonate. 


I> | ce 
+ vw ve” “en, eee / 
NH 3 C. or e. 
"n H2 H-. d C OCH; -CH3OH 
C. ZN a 
HN^ "NH; @ H c=NH, © 
H3N 
[e] fe] o- 
l l fe) 7 fe) [o] 
OCH; - 
HN^ "c^ Soc; 3 CH30H 
als. H2 © HN, *N— © HN NH 
aug tnt "Y \, b 
E * NH2 + NH; 


The initially-formed cyclic product tautomerizes twice (step 5), and then carbonate ion acts as a base to 
remove the proton from the tetrahedral carbon atom to form the aromatic heterocycle (step 6). 


H H 
o o HO Yy LOH HO 
yy Y^ Co, SQ OH 
== fd = d 
m (9 "T © b dl 
+ NH NH; 
* 


28.22. The first step in the reaction scheme shown in this exercise comprises the alkylation of a 
heterocyclic nitrogen atom. Sodium hydride deprotonates the NH group (step 1) and this nucleophile 


reacts with RX by the Sn2 mechanism. 


CI cl 
N Sn R—Xx N Sn 
E i «i 
$ N N^ 6i © < m- 
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28.22. (continued) 


The next step is an addition-elimination reaction that replaces one of the Cl atoms with an amino group. 


ci NHs 


ine" Pia = - o3 
| “a © 4 | S o £ A 


CI 


The amino group undergoes diazotization (step 5— see Section 17.4b), and replacement of the diazonium 
group by the OH group occurs. 


+ 


NH3 


OH 
Ny HONO , ze H20 Ty — 
¢ a f A, © f os i 


d 


After tautomerism (step 7), another addition-elimination process leads to substitution of the other 


chlorine atom, and an acid-base reaction finishes the sequence (step 10). 


OH fe] 

Sn À ( ne O NH3 

Xe © h As 

R 
[e] 
-cr NH3 N NH 
uu -c 

se: Cx n C" 

es as Auf N ifs 

R 


28.23. Both of the receptors shown in this exercise form the same number and types of hydrogen bonds, 
but receptor Y also makes use of the 7-stacking interaction between the naphthalene and pyrimidine 
rings in the recognition process. This stacking interaction is further strengthened by attractive forces 
between the electron deficient x system of pyrimidine and the electron rich x network of 
dihydroxynaphthalene. 
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28.23. (continued) 


28.24. The synthesis of receptor X makes use of the amide-forming reactions between the amino groups 
of the heterocycle and the carbonyl group derived from the specified acid chloride. 


d ) fe) Í "uS 
lb rd Oe H2 _CH(CHa)sCOCI SN T um 
EE i. co dio oc 
CH2(CH2)4CH3 CH2(CH2)4CH3 


The diamine is prepared by making the benzylic bromide derivative of 2-bromo-6-methylpyridine 
compound, converting part of that material to the corresponding alcohol derivative via solvolysis (Sn1 
reaction), coupling the two pyridine building blocks by means of the Sn2 reaction, and replacing the 
bromine atoms with amino groups by an addition-elimination reaction. 


Br N CH3 Br. N Br N 
S NBS, AIBN, ^ x H20, A "Uu 
( NC 2 Í OH 


fA fA 


28.25. The three zwitterion forms of receptor A are generated by transfer of the phenol proton group to 
each of the heterocyclic nitrogen atoms. 
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28.23. (continued) 


wo 


28.26. Both receptors shown in this exercise bind the dihydrogen phosphate ion by taking advantage of 
the fact that the OH groups of H2POr act as hydrogen bond donors toward the urea carbonyl groups, and 
the NH portions of the urea groups act as hydrogen bond donors toward the oxygen atoms of the 
dihydrogen phosphate ion. 
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28.27. Derivatives of urea are commonly made by the reaction between an amine and an isocyanate 
molecule. Receptor U in Exercise 28.26 can be made by performing the free radical bromination of m- 
xylene, which forms the a,a’-dibromo derivative. Reaction of this dibromide with potassium 
phthalimide, followed by hydrolysis (the Gabriel reaction), yields a,a'-diamino-m-xylene. This diamine 
reacts with two equivalents of butyl isocyanate to form the corresponding urea receptor molecule. 


1. Potassium phthalimide 


H3C CH 
T ?  NBS, AIBN, A ui s TT 
Oe 
2. H30*, A 


3. OHT 
[9] 
WT wu ~~-~™nco Cate. AL WT 
— M —n—— li» 
THF H H H H 


28.28. Host molecule A binds to both syn and anti electron pairs on each oxygen atom of the acetate ion 
(four hydrogen bonds). Dimethylurea can form hydrogen bonds only to two unshared electron pairs of 
the acetate ion. 


1,3-DMU 


